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Abstract 
Structure and Mechanism of Peptide-Induced Membrane Pores 
by 
Shuo Qian 
This thesis reports the studies of the structure and mechanism of peptide-induced 
membrane pores by antimicrobial peptide alamethicin and by a peptide named Bax-
o;5, which is derived from Bax protein. Alamethicin is one of best known antimicrobial 
peptides, which are ubiquitous throughout the biological world. Bax-a5 peptide is 
the pore-forming domain of apoptosis regulator protein Bax, which activates pore 
formation on outer mitochondrial membrane to release cytochrome c to initiate pro-
grammed cell death. Both peptides as well as many other pore-forming peptides, 
induce pores in membrane, however the structure and mechanism of the pore forma-
tion were unknown. 
By utilizing grazing angle x-ray diffraction, I was able to reconstruct the electron 
density profile of the membrane pores induced by both peptides. The fully hydrated 
multiple bilayers of peptide-lipid mixture on solid substrate were prepared in the 
condition that pores were present, as established previously by neutron in-plane scat-
tering and oriented circular dichroism. 
At dehydrated conditions, the inter bilayer distance of the sample shortened and 
the interactions between bilayers caused the membrane pores to become long-ranged 
correlated and formed a periodically ordered lattice of rhombohedral symmetry, so 
that x-ray diffraction can be applied. To help solving the phase problem of diffrac-
tion, a brominated lipid was used and multi-wavelength anomalous diffraction was 
performed below the bromine K-edge. The reconstructed electron density profiles un-
ambiguously revealed that the alamethicin-induced membrane pore is of barrel-stave 
type, while the Bax-o;5 induced pore is of lipidic toroidal (wormhole) type. 
The underlying mechanism of pore formation was resolved by observing the time-
dependent process of pore formation in vesicles exposed to Bax-a:5 solutions, as well 
as the membrane thinning experiment. This demonstrated that Bax-a5 exhibited the 
same sigmoidal concentration dependence as alamethicin: below a threshold concen-
tration, peptide only binds to membrane surface, and thins the membrane; when the 
concentration exceeds a critical value, pores are formed. 
The structure and mechanism of peptide-induced membrane pores provide insight 
onto how a-pore-forming proteins and peptides interact with membrane. The results 
also suggest that formation of lipidic pores is the major mechanism for a-pore-forming 
proteins. 
Acknowledgment s 
First and foremost, I would like to thank my advisor Dr. Huey W. Huang. With-
out his support and guidance, the thesis would not have been possible. His vision 
and energy made my research full of discoveries and excitement. 
I want to express my special thanks to Dr. Yizhi Tao and Dr. Jason Hafner for 
serving on my thesis committee and for giving the valuable feedback to improve my 
work. Also I have learned valuable knowledges in the classes taught by each of them. 
I am very grateful to Dr. Lin Yang for setting up x-ray beam line in National 
Synchrotron Light Source of Brookhaven National Laboratory: without the excellent 
instrument setup and his assistance, this research would be very difficult. I also 
greatly appreciate Mr. Richard Crouse, for his experience and excellence in tuning 
the x-ray diffractometer in the lab. 
I thank all the current and former members in the lab. Specifically, My thanks 
go to Dr. Wangchen Wang, Deng Pan, Yen Sun and Chan-chun Lee. Again, thank 
all of you for the support, inspiration, discussion and feedback. 
Last but not least, I am indebted to my wife Huang Yin and my parents for their 
unconditional love and support. 
Contents 
1 Introduction 1 
1.1 Phospholipids 1 
1.2 Pore-forming Proteins and Peptides 4 
1.3 Membrane Pore: Barrel-Stave Model and Toroidal Model 7 
1.4 Organization of the Thesis 10 
2 X-ray Diffraction on Lipid Membrane 12 
2.1 Samples Preparation 13 
2.1.1 A Brominated Lipid Used 13 
2.1.2 Sample Preparation Procedure 15 
2.1.3 Relative Humidity and Temperature Control 16 
2.2 Grazing Angle X-ray Diffraction 19 
2.2.1 X-ray Diffractometer Setup 19 
2.2.2 Data Collection 22 
2.2.3 Data Reduction 25 
2.3 Multi-wavelength Anomalous Diffraction 29 
2.3.1 The MAD Method 30 
2.3.2 Experiment Setup 33 
2.4 Phase Determination and Structure Reconstruction 36 
3 Oriented Circular Dichroism 41 
3.1 Sample Preparation and Experiment Setup 41 
3.2 The Orientation of Peptides Detected by OCD 43 
4 Micropipet Aspiration of Vesicle Experiment 46 
4.1 Introduction 46 
4.2 Sample Preparation 48 
4.3 Aspiration Experiment 50 
4.3.1 Aspiration Setup 50 
4.3.2 Sample Chambers and Transfer 51 
4.3.3 Data Analysis 52 
5 Structure of Alamethicin Induced Pore 56 
5.1 Introduction to Alamethicin 56 
5.2 Materials and Experiments 58 
5.3 The Orientation of Alamethicin in Membrane . 58 
5.4 Crystallization of Alamethicin-Lipid Assembly 61 
5.5 Data Reduction and MAD Analysis 64 
5.6 Phase Determination and Structure Reconstruction 67 
5.6.1 Patterson Function 68 
5.6.2 Model Testing and Phase Determination 69 
5.6.3 Structure of the Unit Cell 74 
5.7 Discussions 79 
6 Lipidic Pore Induced by Bax-a5 Peptide 82 
6.1 Introduction to Bax Protein and Peptides 82 
6.2 Structure of Bax-a5 Peptide-Induced Pore 86 
6.2.1 Materials and Experiments 86 
6.2.2 Peptide Orientation and Diffraction Result 86 
6.2.3 Data Reduction and MAD Analysis . 89 
6.2.4 Phase Determination and Structure Result 91 
6.3 Membrane Thinning Effect by Bax-a5 97 
6.3.1 Materials and Experiments 97 
6.3.2 Results and Discussions 98 
6.4 Response of GUVs to Bax-a5 100 
7 Closing Comments 104 
7.1 Membrane Pore Structures 104 
7.2 Mechanism of Pore Formation 107 
vi 
List of Figures 
1.1 A schematics of the cell membrane. The lipid bilayer (red) is the main 
component with many other proteins embedded (blue). It is liquid-
like and fluctuating with the diffusion of proteins. (Adapted from 
Wikipedia.com) 2 
1.2 A (space-filling model) and B (structural formula) is an example of a 
single phospholipid molecule, l,2-Dioleoyl-sn-Glycero-3-Phosphocholine 
(DOPC) (adapted from avantilipids.com); C is the general molecular 
structural formula of phospholipids. Rl and R2 are two acyl chains. 
X is replaced by molecular structural formula in Table 1.1 to be a 
complete phosphate headgroup 2 
1.3 The spontaneous structure of amphiphilic lipids formed in water. The 
chains (shown in yellow) are hydrophobic and shielded away from 
water by hydrophilic head groups, forming stable bilayer structures. 
(Adapted from Wikipedia.com) 3 
1.4 A typical beta-barrel transmembrane protein, sucrose-specific porin, 
from the bacteria Salmonella typhimurium. This figure includes 3 
proteins from a crystal unit cell. The hollow center of the porin enables 
small molecules to diffuse through the membrane. (Rendered from 
Protein Data Bank, ID 1A0S [1]) 5 
1.5 Ribbon diagram of Colicin (rendered from PDB ID:la87 [2]). Colicin 
is a highly effective toxin produced by Escherichia coll Structurally, 
it is a bunch of helices 6 
1.6 The a-helix peptides studied in this thesis, shown in ribbon diagram. 
The left one is Bax-a5 peptide, the right one is alamethicin. They are 
structurally alike 7 
1.7 Schematics of the pore structure. A is the toroidal model, B is the 
barrel-stave model. The upper panel are the schematic molecular view 
from the center of two pore structures. In lower panel, the blue layer 
represents lipid headgroup, and the gray cylinder represents peptide. 
The actual peptide orientation and distribution varies with different 
peptides and lipids 9 
2.1 Examples of raw diffraction pattern. (A) Clean and pure diffraction 
pattern used for diffraction analysis; (B) Power ring of the ill-aligned 
sample; (C) Coexisting phases in the diffraction: there are two sets of 
qz peaks; the weaker ones can be seen between the stronger ones: they 
have very different lattice constant. Please note that the background 
of each data looks different due to different exposure time 14 
2.2 The molecular model of DOPC (upper) and dil8:0(9,10Br)PC (lower). 
The mesh represents the hydrophobic surface. The addition of bromine 
atoms makes dil8:0(9,10Br)PC chain slightly bulkier than that of DOPC. 15 
2.3 The linear fitting of the calibrated points produces a table of Display 
Value against RH. Every RH sensor is calibrated before use 18 
2.4 A general setup for the grazing angle x-ray diffraction experiment. In 
this case, the detector can be swung to perform u — 26 scan. The 
incident x-ray is almost parallel to the substrate, the angle shown here 
is a little exaggerated. For some setups, the detector is fixed, so the 
data need to be corrected sgeometrically. The data collection and 
correction will be detailed in following sections 20 
2.5 The beam line setup for GAXD experiment in X21 beam line of NSLS. 
The incident beam path during the sample chamber and the source 
is in vacuum, and the diffracted beam path is in helium gas. An ion 
chamber detector is used to monitor the incident beam intensity, and 
a MarCCD detector records diffraction patterns 22 
2.6 Two-dimensional representation of the Ewald sphere in the reciprocal 
space. The Bragg law is satisfied for any set of (h,k,l) falling on the 
surface. O is the origin of the reciprocal space 24 
2.7 The Ewald sphere in u — 29 scans. Sample rotation distributes the in-
tensity of a diffraction peak into a ring. 0 is the origin of the reciprocal 
space as well as the rotation axis 25 
2.8 The Ewald sphere for oG-qz peaks. The in-plane powder ring is around 
the axis qz. O is the origin of the reciprocal space. The inset is an 
example of obtained diffraction pattern on area detector 26 
2.9 An example of MAD linear fitting plot. \F\\ is plotted against H^. 
The circles are |FA| data points from different energies, the line is the 
linear fitting of these points. The intercept gives the normal diffraction 
amplitude of the whole system, |Fo|; the magnitude of the slope gives 
the normal diffraction amplitude of the bromine atoms alone, |F2 |; the 
sign of the slope gives the sign of—F0/F2 33 
2.10 Experimental setup for fluorescence measurement. PIPS detector is 
perpendicular to the incident beam, such that only fluorescence signal 
can be picked up by PIPS detector 34 
2.11 The measured Br fluorescence changes with x-ray energy. The absorp-
tion K-edge is at 13.474 keV 35 
viii 
2.12 An example of swelling method for phasing. A series of normalized 
diffraction amplitudes with varying hydration levels are plotted as a 
function of qz. Because of centrosymmetry in membrane system, the 
measured F(qn)s (circles) are plotted in both positive and negative 
phases. If the chosen phases (positive or negative) and the discrete 
F(qn)s construct a continuous curve F(q) (the line) going though all 
the data points smoothly, the chosen phases are correct choice. In 
practice, only two data points (equivalent to data from two RHs) at 
each qn are required to verify the F(q) curve 38 
3.1 Examples of CD spectra from different secondary structures of proteins. 42 
3.2 OCD experiment setup. The normal of the lipid multilayer sample 
is parallel to the incident UV-light. The sample is mounted onto the 
RH-temperature controlled chamber. The UV-light passes through the 
quartz and the multilayer 43 
3.3 CD spectrum of I state (left) and S state (right). The insets are only 
schematics of peptide (shown in green) orientation in the sample. The 
aggregations of the peptides does not represent realistic view 44 
4.1 The electro-formation chamber to produce GUVs. An AC power sup-
ply is connected to it. After filling with sucrose solution, it is covered 
to prevent evaporation. The Pt electrodes and the chamber are thor-
oughly cleaned by organic solvent and distilled water before each use. 49 
4.2 Two sets of aspiration setup. The left one uses water height difference 
to generate aspiration pressure, and the right one uses a micro syringe. 
Both methods are equivalent and used interchangeably in the experiment. 51 
4.3 The Schematics of the GUV transfer experiment. (A) An aspirated 
GUV is held in the suspension chamber, then inserted into a large 
transfer pipette filled with the same solution; (B) The aspirated GUV 
in the transfer pipette is moved to the observation chamber by moving 
the whole microscope stage, while keeping both pipettes still; (C) The 
transfer pipette is removed to expose the GUV to the peptide solution. 
The video recording starts from this point as t=0 s 53 
4.4 An example of aspirated GUV. The red color is from florescent dye 
lipid Rh-DOPE, used to show GUV boundary better. The green color 
is from Calcein. Lp is the cylindrical protrusion length, Rp is inside 
the micropipet radius, and Rv is the radius of GUV 54 
5.1 Structure of alamethicin rendered from PDB ID: 1AMT [3]. The left 
one is a ribbon model, showing the helical structure of alamethicin; the 
right one shows its hydrophobic surface: the blue represents hydrophilic 
part, while the red represents hydrophobic part 57 
IX 
5.2 The OCD of alamethicin in multiple bilayers of dil8:0(9,10Br)PC. The 
I state and S state bases are obtained from P/L=l /20 and 1/100 sam-
ples, respectively, at full hydration. The sample P/L=l /20 measured 
at 42% RH is shown by a solid line, and the fitting dash line is calcu-
lated by a linear combination of I and S state, as shown in Equation 
3.1. The result indicates about 30% of the alamethicin helices are 
oriented perpendicular to the lipid bilayers 60 
5.3 Phase diagram of the pure lipid and the alamethicin/lipid sample. 
There are always two phase coexistence regions when one phase transits 
to another (some mixed regions are not shown in this diagram). . . . 62 
5.4 Diffraction patterns of (A) the pure lipid dil8:0(9,10Br)PC at RH 
lower than 52%, (B) alamethicin/dil8:0(9,10Br)PC=l/30 sample at 
40% to 55%, (C)alamethicin/dil8:0(9,10Br)PC=l/20 at 40% to 55%. 
The symmetry is rhombohedral (space group R3). B and C are vi-
tually the same. The lighter background in (C) is due to a shorter 
exposure time. The whiter strips with lighter background are due to 
Nb attenuator 62 
5.5 MAD analysis for the diffraction peaks. For each peak, F\ is plotted 
as a function of 4A. The results are in Table 5.1 66 
In 
5.6 The Patterson function from the intensities. (A) P(z) along the c axis, 
from z=0 to 3c (c=4.95 nm, the bilayer thickness). The Gaussian 
decomposition is from z=0 to c, shown in Gray. (B) P(r«ai) along the 
a!=(a,0,0), fromx=-a/2 to a/2 (a=5.94 nm, the horizontal unit cell size). 70 
5.7 A simple model for the bromine distribution. The left one is side view 
and the right one is the top view of the primitive unit cell. Since the 
model itself is like a stiff disk, it is called rigid model. Position fluctu-
ation, or Debye-Waller factors are imposed on the model to reproduce 
the experimental amplitudes 71 
5.8 The comparison of model diffraction amplitudes and experimental am-
plitudes. The left one is before applying the Debye-Waller factor, and 
the right one is after applying the factor 72 
5.9 The Gaussian Model in 3D view (the left panel, red is the high density 
part) and the side view (the right panel, white is the high density). 
The distribution of the bromine layers is modeled as two Gaussians 
along z direction as well as in the r direction in the rim of the pore. . 73 
5.10 Other models, like this one resembles toroidal pore, are also tested. But 
the resulting phases are not producing meaningful structures. The dark 
red color represents the highest density, the distribution of the bromine 
layers is still Gaussian 73 
x 
5.11 Normalized electron density distributions in a primitive unit cell of 
bromine atoms (A and B) and the whole lipid system (C and D). Top 
view (A) is the plane through the maximum of the Br layer (z« 2.1nm). 
Top view (C) is the plane through the maximum of the phosphate layer 
(ZRS 0.6nm). The side views (B and D) are a cut through the long 
diagonal of the hexagon 75 
5.12 Three-dimensional view of a unit cell. One sixth of the unit cell is 
removed to show the interior. The surface of electron density distribu-
tion is chosen at a density value such that the central hole is 4.0 nm in 
diameter, according to the model. The low-resolution diffraction essen-
tially reveals the layers of phosphate groups (top and bottom layers) 
and the layers of bromine atoms (two interior layers). An alamethicin 
channel of eight monomers arranged in the barrel-stave style fits the 
hole perfectly 76 
5.13 Electron density constructed from the side peaks only. The qz peaks 
are excluded to examine the origin of the nonuniformity in the central 
hole region 77 
6.1 BcL-2 protein family can be classified as anti-apoptotic and pro-apoptotic 
according to their function. Structurally, they are similar, consisting 
of one or more BH domains, which are all a helices 84 
6.2 The ribbon diagram of Bax protein (rendered from PDB ID: 1F16 [4]). 
It is basically a bunch of a helices. 9 a helices are labeled from a l to 
a9. The ab and a6 are the pore-forming domains [5] 84 
6.3 Structure of Bax-a5 peptide used in this thesis. The left one is a ribbon 
model, showing the helical structure of peptide; the right one shows 
its hydrophobic surface: the blue represents hydrophilic part, while 
the red represents hydrophobic part. It is actually the a 5 and a small 
portion of a6 of Bax protein (seq. 102-135). It has 34 residues, longer 
than alamethicin (20 residues) 85 
6.4 The OCD spectrum of Bax-a5/dil8:0(9,10Br)PC sample 1/30 (solid 
line) and 1/100 (dashed line) molar ratios in fully hydrated multiple 
bilayers. The lipid background has been removed, and the 2 spectra 
are normalized to each other. The spectra < 195 nm are suppressed 
by strong UV absorption and are therefore not reliable 87 
6.5 The OCD spectrum of Bax-a5/di20:lPC sample with various molar 
ratios in fully hydrated multiple bilayers. The inserted peptide ratio 
increases as P/L increases. The spectra are normalized to each other. 
The spectra below 195 nm are suppressed by strong UV absorption 
and are too noisy to show for this lipid 88 
6.6 Diffraction Pattern from the R phase of the peptide/dil8:0(9,10Br)PC=l/30 
at 60% RH, 25 °C. The white background is due to attenuator, such 
that other weak peaks could be seen more clearly. 90 
xi 
6.7 Phase diagram of the pure lipid and the peptide/dil8:0(9,10Br)PC=l/30 
sample. The R phase appears at much higher RH than that of pure 
lipid and the alamethicin/lipid samples 90 
6.8 MAD analysis for the diffraction peaks. For each peak, F> is plotted 
as a function of ?•. The results are listed in Table 6.1 91 
In 
6.9 Three-dimensional swelling method for phase determination applied in 
the R phase. Shown is the swelling method applied to different qr series 
using the diffraction amplitudes obtained at 50% RH (open circles) and 
60% RH (filled circles). (A) qr=0 nm series. (B) qr=l.ll nm series. 
(C) <7r=1.92nm series. The vertical scales are relative. The solid curves 
are F(qH,K-,qz) of Equation 12 in [6], constructed from one set of data 
measured at one relative humidity 93 
6.10 Normalized electron density distributions in a primitive unit cell of 
bromine atoms (A and B) and the whole lipid system (C and D). Top 
view (A) is the plane through the maximum of the Br layer (z~ 1.9nrn). 
Top view (C) is the plane through the maximum of the phosphate layer 
((z« 0.5nm). The side views (B and D) are a cut through the long 
diagonal of the hexagon 94 
6.11 Normalized electron density distribution of the whole system (includ-
ing lipid, water and peptide) in a unit cell of the R phase containing 
alamethicin (A) and Bax-ct5 peptide (B) 96 
6.12 Three-dimensional view of a unit cell. One half of the unit cell is 
removed to show the interior. The surface of electron density distribu-
tion is chosen to show the continuously bend lipid monolayers. Yellow 
represents high density 97 
6.13 An example of the raw data of the lamellar diffraction. Three scans 
are performed (in red, green, black) at the same condition (RH and 
temperature), and averaged for background removing and data reduction. 98 
6.14 Examples of the lamellar electron density profile, (A) dil8:0(9,10Br)PC, 
(B) di20:lPC. They are the structure profile a long z direction (normal 
to the bilayers). The position of the phosphate peaks are indicated, 
the PtP is a measure of the membrane thickness. In (A), there are two 
high peaks in the center due to the Br atoms on the chains, otherwise, 
the chain region is low density like (B) 99 
6.15 Membrane thinning effect by Bax-a5 peptide. The left panel: pep-
tide/dil8:0(9,10Br)PC samples, P/L=0, 1/200, 1/150, 1/100, 1/50, 
1/30, 1/20 are measured. The right panel: peptide/di20:lPC sam-
ples, P/L=0, 1/200, 1/150, 1/100, 1/50, 1/30, 1/25, 1/20, 1/15 are 
measured. The overlapped lines illustrate the membrane thickness is 
decreasing as the P/L ratio increases, and then will not change after a 
certain P/L ratio is reached 100 
xn 
6.16 Fractional area increase of GUV with time. AA/A is calculated from 
Equation 4.2. Only two cases are shown here. The data points end 
when the vesicle is broken due to increasing volume or being detached 
from the pipet 
6.17 Time lapse microscopy images of GUV exposed to peptides solution 
(above 0.5 /iM). The protrusion length first increases to a value, and 
then decreases. For some experiments, green dye calcein is added inside 
GUVs to try observing leakage of the dye. Unfortunately, none was 
observed before GUV detaching from the pipet or burst. That might 
be due to the very weak signal from the leakage or relative low time 
resolution of the camera (up to 10 fps in the condition) 
7.1 Two models of peptide-induced pores in membranes and the experi-
mental proof for each. (A and B) Schematics of the barrel-stave model 
(A) and the toroidal model (B) are shown in a 3D view cut through 
the pores, showing only the layers representing the lipid headgroups 
(silver) and the Br atoms (red). Blue-gray cylinders represent pep-
tide segments; the actual distribution and orientation of peptides are 
expected to vary with peptide and lipid. Schematic lipid molecules 
(dil8:0 (9,10Br)PC) are shown in A, where the red dots represent the 
Br atoms on the chains. (C and D) The normalized electron density 
distributions of Br atoms in a unit cell of the R phase containing 
alamethicin and Bax-a5, respectively. Br atoms are distributed in 
the high-density (yellow-red-black) region. The nonuniformity in the 
low-density region (light blue to dark blue, which average to about 0, 
is due to the limited resolution discussed in last chapter 
7.2 The illustration of possible mechanism of a-PFP induced membrane 
pore. The gray layer is the lipid headgroup layer, and the green rods 
represent a helices. (Only one is shown here.) A few such proteins with 
a bunch of a helices can make the local region have high concentration 
of peptides. While a few transmembrane helices stabilize the pore, the 
rest of helices in the proteins are on the surface of bilayer, thinning the 
membrane 
xiii 
List of Tables 
1.1 Some typical headgroups of phospholipids. Replacing X in Figure 1.2C 
gives complete formula of a phospholipid 4 
2.1 The RH calibration reference of saturated salt solutions [7] 17 
2.2 Anomalous scattering factors and the attenuation factors of the nio-
bium (Nb) attenuator at 10 sub K-edge x-ray energies 36 
5.1 Results of MAD analysis from diffraction patterns obtained at 42% RH 
25 °C(sysmetry-related peaks are grouped as one independent peak) . 67 
6.1 Results of MAD analysis from diffraction patterns obtained at 60%RH 




The cell membrane is an essential part of life. It is made of lipid bilayers (mostly 
phospholipids) and many different types of proteins embedded, as shown in Fig-
ure 1.1. For many organelles and cells, it separates aqueous compartments from their 
surroundings , thus acts as a container and a barrier between different part of cells. 
Its transporting and regulating mechanism is vital for many biological functions. 
A major component of all cell membranes are phospholipids. They are amphi-
pathic: most of them consist of a polar phosphate headgroup and two hydrocarbon 
chains, which are hydrophilic and hydrophobic, respectively (see Figure 1.2). They 
are not soluble in water; instead, they form micelles, vesicles, and multi-bilayers spon-
taneously, which is more energy favorable. The hydrophilic headgroups always shield 
water molecules away from their hydrophobic chains as shown in Figure 1.3. 
1 
Figure 1.1: A schematics of the cell membrane. The lipid bilayer (red) is the main 
component with many other proteins embedded (blue). It is liquid-like and fluctuating 
with the diffusion of proteins. (Adapted from Wikipedia.com) 
Figure 1.2: A (space-filling model) and B (structural formula) is an example of a single 
phospholipid molecule, l,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC) (adapted from 
avantilipids.com); C is the general molecular structural formula of phospholipids. Rl and 
R2 are two acyl chains. X is replaced by molecular structural formula in Table 1.1 to be a 
complete phosphate headgroup. 
2 
vesicle micelle multi-biiayers 
Figure 1.3: The spontaneous structure of amphiphilic lipids formed in water. The chains 
(shown in yellow) are hydrophobic and shielded away from water by hydrophilic head groups, 
forming stable bilayer structures. (Adapted from Wikipedia.com) 
There are great variety of phospholipids existing in different cells and organelles. 
They are listed in Table 1.1 according to the classification of headgroups. For the same 
headgroup, acyl chain length, as well as saturation or unsaturation of the acyl chains 
could be different. The compositions of the cell membrane vary from one type of 
cell to another for the sake of structure and function. For example, negative-charged 
lipids PG, PS, CL (Cadiolipin) are more abundant in bacterial outer membrane; 
while zwitterionic lipids PC, SM (Sphingomyelin), PE are ampler in mammalian cells. 
Therefore, the mammalian body can use positively charged antimicrobial peptides as 
the first defense line to attack the invading bacteria, whose membrane is more subject 
to positively charged peptides. 
3 
Table 1.1: Some typical headgroups of phospholipids. Replacing X in Figure 1.2C gives 
complete formula of a phospholipid 
Headgroup name Molecular formula 
Phosphatide Acid (PA) -H 
Phosphatidylcholine (PC) -CH2CH2N+(CH3)3 
Phosphatidylethanolamine (PE) -CH2CH2N+H3 
Phosphatidylserine (PS) -CH2CH(N+H3)COO-
Phosphatidylglycerol (PG) -CH2CH{OH)CH2OH 
1.2 Pore-forming Proteins and Peptides 
Pore-forming proteins and peptides include a large diversity of molecules from 
short peptides to large ion channel proteins [8, 9]. They are membrane active and 
able to insert into lipid membrane spontaneously, forming transmembrane pores. A 
great number of proteins and peptides can be classified as pore-forming. Antimicrobial 
peptides, such as alamethicin, melittin, magainin [10]; bacterial toxins, such as colicin 
[11] and aerolysin [12], induce formation of membrane pores to kill microbes. Also 
the apoptosis-regulating protein family Bcl-2 activate pore formation in the outer 
mitochondria membrane (OMM) to release cytochrome c to signal programmed cell 
death [13]. Their ability to transport molecules across membrane, their diversity and 
selectivity, their sequences and structures as templates to design new proteins and 
peptides for biotechnological application make pore-foming proteins and peptides 
an interesting and important research subject. For example, many pore-forming 
antimicrobial peptides are first studied as effective and fast antibiotics [10]; now they 
are in development as potential anti-tumorigenic agents [14]. 
Pore-forming proteins and peptides can be classified in a number of ways. For ex-
4 
ample, they can be categorized according to the organism produces them or to their 
pore forming characteristics [15]. Based on their secondary structures in the mem-
brane, they are conveniently classified into two distinct categories: a-pore-forming 
proteins and peptides; /?-pore-forming proteins and peptides. 
Figure 1.4: A typical beta-barrel transmembrane protein, sucrose-specific porin, from the 
bacteria Salmonella typhimurium. This figure includes 3 proteins from a crystal unit cell. 
The hollow center of the porin enables small molecules to diffuse through the membrane. 
(Rendered from Protein Data Bank, ID 1A0S [1]) 
The secondary structures of /?-pore-forming proteins and peptides are predomi-
nantly (3 sheets as shown in Figure 1.4, and they from crystallizable porin-like trans-
membrane /3-barrel pores [16]. a-pore-forming proteins (a-PFPs), usually just consist 
of a bunch of a helices (e.g. the structure of a colicin shown in Figure 1.5), form pores 
without a crystallizable protein assembly [17]. An increasing number of /?-PFPs have 
been crystallized and imaged in their pre-pore and pore-forming forms [16, 18]; how-
ever, a-PFPs, such as colicins [11] and diphtheria toxin [19], have never been crys-
tallized in their pore-forming forms. That is because the a helices of a-PFPs, unlike 
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/?-strands, can not form a bonded barrel structure side by side. The pore structures 
for these a-PFPs have been a mystery for long time. 
a-pore-forming peptides only consist of a few (usually one or two) o-helical seg-
ments. They are very similar to the transmembrane domains of a-PFPs, and most of 
them are not capable of forming a bonded barrel either. Some of these peptides are 
indeed derived from the transmembrane domains of a-PFPs. These derived peptides 
are able to reproduce the pore-forming activity even with only one or two a helices 
[20]. That is of great interest to use these peptides to perform the full proteins' 
function. This research studied the structure and mechanism of the membrane pore 
Figure 1.5: Ribbon diagram of Colicin (rendered from PDB ID:la87 [2]). Colicin is a 
highly effective toxin produced by Escherichia coli. Structurally, it is a bunch of helices. 
induced by a-pore-forming peptides alamethicin, one of best known antimicrobial 
peptides, and Bax-a5 peptide, a peptide derived from the pore-forming domain of 
Bax protein. Structurally, they are very simple and similar to each other as shown 
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in Figure 1.6, but the membrane pore induced by them are very distinct from each 
other as revealed by this thesis. The structure and mechanism study of such peptide-
induced membrane pore provides clues on how a-PFPs interact with membrane and 
then activate membrane pore formation. 
Figure 1.6: The a-helix peptides studied in this thesis, shown in ribbon diagram. The left 
one is Bax-a5 peptide, the right one is alamethicin. They are structurally alike. 
1.3 Membrane Pore: Barrel-Stave Model and Toroidal 
Model 
The membrane pore formation is the mode of action utilized by pore-forming pro-
teins and peptides. Since the lipid membrane is in a state of fluid and the size of 
the pores is beyond the limit of the resolution of many imaging techniques, such as 
optical microscopy, Cryo-electronic microscopy (Cryo-EM), so far there has not been 
direct observation of the pore. Nevertheless, there have been many experimental ev-
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idences indicating that proteins and peptides induce pore formations in membrane. 
For examples, the pore formation has been detected by the peptide-induced ion con-
duction across the membranes (e.g. [21, 22, 23, 24, 25, 11]) and the peptide-induced 
lipid vesicle leakage experiment (e.g. [26, 27, 28, 29, 30]). Actually, the pore size 
can be estimated roughly by the magnitude of the single channel ion conductance, 
and by the size of the largest dye or dextran leaking through the lipid vesicle mem-
brane [31, 32, 29]. Furthermore, neutron in-plane scattering experiment is capable of 
measuring the inner and outer pore size more precisely [33]. 
As stated in last section, The structure of a-PFPs in pore-forming form is un-
known. Without firm evidence, a transmembrane pore is viewed as a proteinous 
channel presumably: the pore is lined by peptide helices like the staves of a barrel, 
and is formed by the assembly of helices around a water-filled lumen, thus called 
barrel-stave model. The study of alamethicin induced pore supports this pore 
model [3, 24, 34]. However, increasing experimental results suggest the existence of 
another type of transmembrane pore structure. Instead of a proteinous ion chan-
nel, the pore is formed by both peptides and lipid headgroups together (Figure 1.7). 
In this case, the lipid molecules must reorient to line the surface of the pore with 
peptides, thus protect the hydrophobic lipid hydrocarbon chain region from water 
molecules. So two lipid monolayers bend continuously to merge through the pore. It 
is called toroidal model (wormhole model) [35, 36, 34]. This is similar to the pure 
lipid pore in bilayer formed by an external tension [37, 38]. The extra energy for 
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the lipidic pore edge incurs significant line tension; hence the peptides binding to the 
edge of the pore are to lower the line tension. In this manner, the peptides make the 
pore structure more stable and perpetual [39]. 
Figure 1.7: Schematics of the pore structure. A is the toroidal model, B is the barrel-
stave model. The upper panel are the schematic molecular view from the center of two pore 
structures. In lower panel, the blue layer represents lipid headgroup, and the gray cylinder 
represents peptide. The actual peptide orientation and distribution varies with different 
peptides and lipids. 
The pore structure is a key to understand many interactions between lipid mem-
brane and protein/peptide, as well as the function of protein and peptide. Therefore 
a definitive determination of the pore structure is essential. However, the structural 
problem can not be solved by many existing methods because of the characteristics 
of this lipid-peptide assembly. First, the lipid-peptide complex is of a soft-matter 
structure, lacking the rigidity of a protein crystal; also the structure is described by 
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an electron density distribution, not by the atomic positions. Therefore, protein crys-
tallography can not be applied to this system. Second, as stated at the beginning of 
the section, the size of the pores is in the orders of a few nanometers [33, 36], which 
is too small to utilize various microscopic imaging methods. Third, that the peptides 
form pores in membrane is a thermodynamic phase of the peptide-lipid system [40], 
therefore a very specific sample condition is required for observing the pores. For ex-
ample, different peptides require different peptide-to-lipid ratio to form stable pores 
in membrane. All of these present challenges to image the membrane pore structure. 
This thesis presents the results of the first attempt to reconstruct the electron 
density profile of peptide-induced transmembrane pores by x-ray diffraction. More 
specifically, I have obtained the images of the membrane pore structures produced 
by alamethicin and Bax-o;5 peptide, each of which validates barrel-stave style and 
toroidal style pore structures, respectively. 
1.4 Organization of the Thesis 
This chapter serves as an introduction to the subject studied in the thesis. The 
rest of the thesis is organized as follows. Chapter 2 describes the Grazing Angle 
X-ray Diffraction experiment and analysis process generally, including sample prepa-
ration, x-ray setup and geometry, multi-wavelength anomalous method, and phase 
determination. Chapter 3 and Chapter 4 describe the oriented circular dichroism 
and micropipet aspiration of vesicle experiment, respectively. Chapter 5 presents 
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alamethicin-induced membrane pore structure, which exhibits features of barrel-stave 
model. Bax-a5 peptide-induced membrane pore structure, which is lipidic toroidal 
pore, is presented in Chapter 6. Also in this chapter, membrane thinning effect and 
the vesicle experiment prove that the mechanism of pore formation by Bax-a5 peptide 
is similar to other a-pore forming peptides studied previously. Last chapter is the 
closing comments on the structures discovered in the thesis, as well as on the possible 
mechanism of all cx-pore forming proteins and peptides. 
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Chapter 2 
X-ray Diffraction on Lipid 
Membrane 
The pore structures presented in this thesis are reconstructed from x-ray diffrac-
tion. The Grazing Angle X-ray diffraction (GAXD) technique evolves from the Graz-
ing Angle X-ray/neutron Scattering (GAXS/GANS) experiment performed by this 
group. Initially, the GAXD was applied to lamellar structures such as liquid crys-
talline, lipid multilayers, etc., which are one-dimensional structures. The diffrac-
tion intensity from qz peaks is sufficient to reconstruct their electron density profiles 
along the direction perpendicular to the lamellar layers (z direction). Later on, it 
is found that under specific conditions, some samples give significantly strong off-g2 
peaks with certain crystal symmetry, indicating the lipidic structures have gone be-
yond the simple lamellar structure, and become long-ranged correlated into ordered 
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three-dimentional lattices. That is suited for x-ray diffraction analysis. Although 
the intrinsic disorder of the lipidic structure limits the diffraction to a relatively low 
resolution, the GAXD is still capable of providing the electron density of the pore 
structure explicitly. 
2.1 Samples Preparation 
The multilayer sample of peptide-lipid assembly used for x-ray diffraction must be 
well-aligned to give optimal diffraction peaks. The normal of the multilayer should 
orient to the same direction perpendicular to the substrate, hence it is free of power 
ring in diffraction patterns (a very powder-like sample is shown in Figure 2.1 B, in 
which the normal of the multilayer orients not only perpendicular to the substrate 
surface, but also to other directions). Also the peptide-to-lipid ratio (P/L) must 
achieve a certain value to make the pore formation possible. The sample condition is 
determined by oriented circular dichroism as well as membrane thinning effect, which 
will be addressed later in this thesis. Extra attention is paid to make sure the whole 
sample is homogeneous, to prevent the coexisting phase as shown in Figure 2.1 C. 
2.1.1 A Brominated Lipid Used 
To solve the phase problem [41] in x-ray diffraction and utilize the multi-wavelength 
anomalous diffraction (MAD), a brominated lipid is used in this study. l,2-distearoyl(9-
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Figure 2.1: Examples of raw diffraction pattern. (A) Clean and pure diffraction pattern 
used for diffraction analysis; (B) Power ring of the ill-aligned sample; (C) Coexisting phases 
in the diffraction: there are two sets of qz peaks; the weaker ones can be seen between the 
stronger ones: they have very different lattice constant. Please note that the background 
of each data looks different due to different exposure time. 
chased from Avanti Polar Lipids (Alabaster, AL). According to the manufacturer, 
the bromine derivative is synthesized from the unsaturated precursor, namely 1,2-
Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC). And the volume of each bromine atom 
is comparable to that of CH$, so the hydrocarbon chain is slightly bulkier than its un-
saturated precursor, as illustrated in Figure 2.2. The addition of 4 bromine atoms does 
not change the physical and chemical properties significantly, since the brominated 
lipid is able to form very good multilayer samples just as many other conventional 
lipids. 
The introduction of the bromine labels helps more than the phase determination. 
Since the electron density of bromine atoms is higher than that of phosphate head-
group, it is clearer in the reconstructed electron density profile (EDP). Because of 
the continuous characteristics of bilayer, the highlighted bromine distribution of the 
hydrocarbon chains also represents the whole lipid structure. 
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di18:0(9,10Br)PC 
Figure 2.2: The molecular model of DOPC (upper) and dil8:0(9,10Br)PC (lower). 
The mesh represents the hydrophobic surface. The addition of bromine atoms makes 
dil8:0(9,10Br)PC chain slightly bulkier than that of DOPC. 
2.1.2 Sample Preparation Procedure 
The peptide/lipid mixtures of the desired molar ratio are dissolved in trifluo-
roethanol (TFE)-chloroform solvent. The TFE/chloroform ratio in the solvent varies 
for different samples to optimize the formation of the oriented multilayers [36]. Typ-
ically, a 1:1 TFE-chloroform solvent is good enough to provide nice samples. The 
homogeneously mixed mixture is deposited onto clean silicon substrates. The sub-
strate is cut from 300 ^m silicon wafer ((100) surface, P-doped), purchased from 
Virginia Semiconductor (Fredericksburg, VA). The total amount of a sample is about 
0.5 mg or 1 mg, depending on the size of substrates 1 cmxl cm or 1 cm x 2 cm in 
the experiment, respectively. The amount of organic solvent used should be less than 
100 /JL or 200 fiL for 2 different sizes of substrate. Too much solvent can not be hold 
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by the substrate. 
After depositing the solution onto the substrate, it is better to tilt the substrate 
slightly for all directions to make the thickness more uniform until all of the solvent 
evaporates. Note that the ambient relative humidity around the sample must be 
above 40%, or there are not enough water molecules in the air can be absorbed by 
lipid headgroups. Such dry condition prevents formations of large domains, making 
the sample powder-like. The sample is put into vacuum or air flow for at least 1 hour 
to remove a trace of the organic solvent, and then taken to rehydrate with saturated 
water vapor in incubator at 35 °C for several hours. The final sample looks smooth, 
uniform and free of visible peptide or lipid aggregation. 
The sample can be kept for a few days in the closed hydrated chambers. 
This sample preparation procedure is equivalent to produce liposomes with pep-
tide/lipid mixture in aqua and then deposit liposomes into multilayer sample on the 
substrate. The simpler method adopted by this group has been proved to produce 
uniform multilayer of peptide/lipid assembly effectively [36, 42, 43, 44]. 
2.1.3 Relative Humidity and Temperature Control 
Under high level of hydration and certain temperature range, lipid membrane is 
in liquid-crystalline lamellar state, maintaining a stable bilayer structure with liquid-
like lipid molecules. The motions of the lipid molecules, such as undulation of bilayer 
patches, lateral diffusion along the layer, vibration of the chains, etc. [45], make the 
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multilayer sample only amenable to one-dimensional lamellar diffraction and the pore 
size measurement by x-ray/neutron in-plane scattering. 
By dehydration, the lipidic structure undergo changes into periodically ordered 
lattices with certain symmetry, amenable to diffraction analysis. So the control of 
the hydration level and temperature of the sample is crucial in this experiment. 
The relative humidity (RH) and temperature of the sample chamber are controlled 
by separated proportional-integral-differential (PID) feedback control circuits. To 
generate desired RH, Peltier thermoelectric modules (TE Technology Inc. Traverse 
City, MI) are used to heat or cool a small water reservoir. A RH sensor (EMD-2000, 
GE Sensoring, Billerica, MA) feeds the current RH level back to the control circuit 
to output heating or cooling current. Each RH sensor is calibrated before using. The 
calibration is conducted by sealing the sensor into bottles of saturated salt solutions 
with known RH (Table 2.1). The bottles of saturated salt solutions are put into oven 
of constant temperature. Since the display value of the RH reading circuit is linear 
to the actual RH, a linear fit gives a look-up table for different RHs (Figure 2.3). 
The temperature of the sample is controlled by a similar PID circuit. A cali-
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Figure 2.3: The linear fitting of the calibrated points produces a table of Display Value 
against RH. Every RH sensor is calibrated before use. 
sample temperature, and the PID circuit drives the Peltier modules to change the 
temperature according to a set value. 
The design of the sample chamber [46, 47] used in this study varies with different x-
ray machines and synchrotron beam line to adopt different space limit and goniometer, 
but they share the same features: the sample is close to water reservoir for fast 
hydration; the sensors are placed as close as the sample to ensure accurate readings; 
the chambers are sealed tightly to be separated from the room environment; the 
sample is attached to the Peltier module by a block of copper for better thermal 
conducting. 
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2.2 Grazing Angle X-ray Diffraction 
This section describes x-ray diffractometer setups used in this thesis, including 
laboratory x-ray diffractometers and synchrotron beam line. General guidance of 
data collection and data reduction is also addressed here. Because this research 
involves more than one x-ray source, many considerations for different experiments 
will be addressed separately after the basic setup is described. 
2.2.1 X-ray Diffractometer Setup 
Aligned lipid multilayer are parallel to the substrate surface and always periodical 
in z direction, so the momentum transfer along qz direction can provide structure 
information along z direction of multilayer. However, the in-plane orientation of the 
crystal domains in the sample is distributed isotropically, like power samples. Hence, 
the oS-qz peaks are registered by Bragg rings parallel to the multilayer. Because the 
size of lipid structure is in the order of 5 nm to 30 nm, thus the diffraction peaks 
are limited with 10 nm'1. The x-ray energy is around 10 keV, so the grazing angle 
incident beam setup is sufficient for the structure study. 
The basic setups are alike for all experiments. Well-collimated x-ray is diffracted 
by the multilayer sample. The incident x-ray is almost parallel to the substrate 
surface as shown in Figure 2.4. The experimental instruments, including goniometer 
position, x-ray shutter, detector control and data acquisition, RH and temperature 




Figure 2.4: A general setup for the grazing angle x-ray diffraction experiment. In this 
case, the detector can be swung to perform UJ — 29 scan. The incident x-ray is almost parallel 
to the substrate, the angle shown here is a little exaggerated. For some setups, the detector 
is fixed, so the data need to be corrected sgeometrically. The data collection and correction 
will be detailed in following sections. 
X-ray Diffractometer for Lamellar Diffraction 
The diffractometer for lamellar diffraction is in the lab at Rice University. The 
copper x-ray tube, operating at 40kV and 35mA, generates Cu Ka x-ray. The x-ray 
is filtered out of Cu Kp line by a nickel plates. The collimation is done by a set of 
soller slits. The resulting beam cross section is about 2mm x 10mm at the sample 
position. The sample size is 10mm x 10mm, so for u up to 10°, the sample is still 
immersed in x-ray beam, giving relatively strong diffraction signal. 
The scintillation detector (Bicron 1XM.040/2B, Saint-Gobain Crystals Sz, Detec-
tor, Newbury, OH) comes with a graphite monochromator, which greatly eliminates 
the Cu Kp line and white radiation. The sample chamber and detector are mounted 
on on a four-circle Huber goniometer (Rimsting, Germany). 
The lipid multilayer sample in lamellar phase is one-dimensional crystal, and the 
lamellar peaks are only qz peaks, at position q™ = 2mr/d according to Bragg condition, 
x-ray detector 
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where n is integer and d is the crystal unit cell size. The diffracted intensity is recorded 
by ui — Id scan as in Figure 2.4, in which UJ = 6. 
X-ray Diffractometer with Area Detector 
This is another x-ray diffractometer in the lab. The Cu Ka x-ray is focused by a 
pair of nickel-coated mirrors (Charles Supper Co., Natick, MA). The focused beam 
size is 0.5 mmx 1 mm. All peaks from non-lamellar diffraction are recorded by a area 
detector. A Siemens X1000 multi-wire area detector (Bruker Inc, Madison, WI) or 
a CCD x-ray camera (Photonic Science, East Sussex,UK) is to obtain the diffraction 
pattern. 
This diffractometer is used to determine the diffraction pattern of various samples 
at different conditions (P/L ratios, RHs and temperatures). When a sample with 
a certain symmetry is discovered, it is taken to synchrotron x-ray source to get the 
diffraction patterns for analysis. 
X21 Beam Line in NSLS 
The diffraction patterns used in analysis are obtained in beam line X21 at Na-
tional Synchrotron National Laboratory (NSLS) of Brookhaven National Laboratory 
(Upton, NY), shown in Figure 2.5. 
The beam is slightly focused before diffracted by the sample. A helium path is 
used between the detector and the sample to reduce the scattering of air, minimizing 
the background. A MarCCD area detector (Mar USA, Evanston, IL) with resolution 
1024 by 1024 is used. Because the diffracted qz peaks are very strong from well-aligned 
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Figure 2.5: The beam line setup for GAXD experiment in X21 beam line of NSLS. The 
incident beam path during the sample chamber and the source is in vacuum, and the 
diffracted beam path is in helium gas. An ion chamber detector is used to monitor the 
incident beam intensity, and a MarCCD detector records diffraction patterns. 
samples, a niobium plate is employed to attenuate the intensities under the detector 
saturation level. The x-ray energy (6-16 keV) can be changed by a monochromator 
during the experiment to utilize MAD method. So the synchrotron x-ray beam line 
is a crucial instrument to solve the structures in this thesis. 
Special precaution is paid to avoid radiation damage to the sample. The x-ray is 
blocked between different scans. After a series of programmed scans, the first scan is 
repeated to compare the diffraction pattern with that of the initial scan, no difference 
is found between the two. Also the substrate is displaced to a previously unexposed 
sample position to repeat the same programmed scans. At least two samples are used 
to repeat the scans. By comparing the diffraction patterns from different scans and 
different samples, no obvious deterioration effect from the radiation damage is found. 
2.2.2 Data Collection 
In perfect crystal diffraction with large size, the diffraction peak is a very sharp 
peak, so an extremely narrow slit set is required to place exactly on the position of 
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the diffracted beam [48]. The diffracted intensity is actually not measurable in this 
case. As a result, the integrated intensity is the quantity to measure and calculate in 
x-ray diffraction experiment. A diffraction peak is usually spread over a volume in the 
reciprocal space, due to small crystal size, divergence of the beam or limited energy 
resolution. Thus, the integrated intensity is obtained by scanning over the volume 
or by changing the orientation of the sample (swing the sample or using a power 
sample). In this section, the data collection for different geometries is described. 
Ewald Sphere 
The Ewald sphere is a geometric construction that visualizes the properties of 
Bragg's law. It is centered at — qin (incident wave vector) with a radius of |q in| [48]. 
Since |qin |=|qout | (flout IS t n e scattering wave vector). The Ewald sphere contains all 
possible momentum transfer Aq = qout — qin. If any reciprocal lattice point (h,k,l) 
falls on the surface of the sphere, it is satisfying the Bragg condition, thus there is a 
diffraction peak as shown in Figure 2.6. It will be used to elucidate the data collection 
for different geometry. 
The Data Collection of qz Peaks 
The qz peaks are recorded by u> — 26 scan (Figure 2.4). The sample is rotated to 
UJ to the incident beam, while the detector is at 26 to the beam, where 6 = u. The 
rotation of the sample effectively makes the reciprocal lattices forming rings centered 
on the origin of the reciprocal space (O, rotation axis of the sample), illustrated in 
Figure 2.7. So at each intersection point of the reciprocal lattice and the Ewald 
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Figure 2.6: Two-dimensional representation of the Ewald sphere in the reciprocal space. 
The Bragg law is satisfied for any set of (h,k,l) falling on the surface. O is the origin of the 
reciprocal space. 
sphere, the intensity of a diffraction peak is recorded. 
The intensities of qz peaks provide structural information along sample z direction, 
which is normal to the bilayers. 
The D a t a Collection of oS-qz Peaks 
The crystal domains of sample is randomly distributed in the plane of multilayer, 
so the oS~qz diffraction is actually powder diffraction. It is like the Ewald sphere is 
rotated around the reciprocal axis qz [49, 48]. The powder diffraction rings are always 
around the qz axis, and are registered in the area detector as two peaks positioned 
on both sides of qz (Figure 2.8). The two peaks are from the same lattice, so the 
intensities are combined and averaged. In this case, the sample does not have to 
move during the exposure, thus called reflection scan. 
24 
Figure 2.7: The Ewald sphere in u> — 29 scans. Sample rotation distributes the intensity of 
a diffraction peak into a ring. 0 is the origin of the reciprocal space as well as the rotation 
axis. 
Note that the detector used in X21 beam line of NSLS can not be moved, and al-
ways perpendicular to the incident beam, a geometry correction is applied to translate 
the integrated intensity positions from the detector frame to the sample frame. 
2.2.3 Data Reduction 
The integrated intensity E is obtained by integrating the peak from the diffraction 
patterns with background removed. At a certain wavelength, the integrated intensity 
can be written as 






Figure 2.8: The Ewald sphere for aS-qz peaks. The in-plane powder ring is around the axis 
qz. 0 is the origin of the reciprocal space. The inset is an example of obtained diffraction 
pattern on area detector. 
in which, I0 is the intensity of the incident beam, measured by the ion chamber 
detector in the beam path (Figure 2.5); Cp is the polarization factor; CLorentz is the 
Lorentz factor; Cabs is the absorption correction factor; Cgeo is a geometry correction 
factor for illuminated area of the sample; C\ = A3 is the wavelength correction factor 
[48] MAD experiment; A T is the exposure time. 
Different data collection geometry yields to different form of correction factors. In 
u — 26 scan, they are 
Cp = cos2 26; (2.2) 




1 — exp(—2/ia/sin 0) sin # 
Cabs = X i (2.4) 
2fia 
Cneo = : or 1 if greater than 1. (2.5) 
iwsma 
The exposure time can be calculated from the sample rotations angular velocity Q: 
AT = 27r/fi; (2.6) 
For oS-qz reflection scan, the correction factors are 
Cv = sin2 V; (2.7) 
Chorentz — X~. ', (2-8) 
cos a cos p sin 7 
1 - e x p ( - u a ( ^ - + -rM) 
^absorption — / 1 i 1 \ ' \ " / 
" *> sin!/ sin a ' 
Cneo = or 1 if greater than 1. (2.10) 
lusma 
Note that i\) is the angle between the incident polarization vector and the scattered 
beam, a is the angle between the incident beam and the substrate surface (the x-
y plane), v is the angle between the diffracted beam and the x-y plane, 7 is the 
angle between the in-plane (x-y plane) projection of incident beam and the in-plane 
projection of the diffracted beam, fj, is the linear absorption coefficient of the ample, 
a is the sample thickness. Q, is the angular velocity of the u — 29 scan. 
These correction factors are used for the diffraction data obtained in X21 beam line 
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of NSLS. The correction factors used to deal with qz lamellar diffraction at in-house 
x-ray diffractometer have a different polarization factor Cp = +cos ( )cos (2 ™) (j)m = 
13.3° is the graphite monochromator diffraction angle), due to different polarization 
characteristics of home-generated x-ray. Also, no wavelength correction factor C\ is 
necessary for the single Cu Ken x-ray. 
Although the thickness of the sample is not easy to determine, the fia can be 
calculated as a whole. Prom the table in [49] and http://henke.lbl.gov/, the mass 
absorption coefficient ^ for each element in different energy is known. Assuming the 
sample is homogeneous, and the mass ratio (<&) of different molecules is known, so 
the sample average mass absorption coefficient: 
So the fia is obtained by 
V urn . . . 
>*=n = jA< (2-12) 
where m is the amount of the sample, A is the substrate surface area. 
The diffraction amplitudes are obtained by 
I P I _ / (2 IQ'I 
loCpCLorentz(-/absLgeoL\Al 
Theirs phases are to be determined to give a complete information of the structure. 
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2.3 Multi-wavelength Anomalous Diffraction 
Multi-wavelength anomalous diffraction (MAD), sometimes as multi-wavelength 
anomalous dispersion, is a powerful technique used in x-ray diffraction analysis that 
facilitates the label atoms of the biological macromolecules to solve the phase problem. 
In conventional treatment, the x-ray wavelength is always much smaller than any of 
the absorption edge wavelengths of the atom, so the atomic scattering factor f = fn, 
where fn approaches the number of electrons in the atom at small sin#/A [48]. But 
if it is close the absorption edge, a dispersion should be considered and the complete 
atomic scattering factor is given by 
f = fn + f'x + ifl (2.14) 
where fn is the normal scattering factor measured at a wavelength far away from the 
absorption edge wavelength of the atom, fx and fx are the real and imaginary part 
of the dispersion, A denotes their wavelength dependence. The imaginary part fx 
represents a shift in phase of the scattered radiation, which can be used to solve the 
phase problem in x-ray structure determination. 
In this section, the standard MAD method, similar to what is using in the protein 
crystallography, will be described briefly. Then a new MAD approach is introduced 
to solve the phase problem for the lipid structure in this thesis. 
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2 . 3 . 1 T h e M A D M e t h o d 
The Standard Method 
The diffraction amplitude of the whole system including the anomalous atoms is 
F
* = E ft e x P ( ^ • r i ) + E ^ + /A + ifx) «p( iq • rfc), (2.15) 
3 k 
where q is the scattering vector, r is the atom positions, index j includes all normal 
scattering atoms and index k for all anomalous label atoms. A means a certain x-ray 
energy. The normal diffraction amplitudes of the whole system can be written as 
F
° = E ft e x p ^ • r i ) + E ft e x p ( ^ • r f e)- (2-16) 
j k 
And the normal diffraction amplitudes of the label atoms alone can be written as 
F2 = £ t f e x p ( » q •!•*). (2.17) 
k 
So Equation 2.15 is 
pi .
 Pii 
FX = F0 + ^ ^ F 2 , (2.18) 
furthermore, 
\Fx\2 = F* + axF2 + bxF0F2, (2.19) 
in which, ax = U'x)2^f? and bx = 2&. 
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I-FA I J / " , f'\ and fl can be obtained from experiment, so a\ and b\ are known. If 
\F\\ is measured at three (usually four) wavelengths near the absorption edge of the 
label atom, with the variations of a\ and b\ at those wavelengths, a series of quadratic 
equations can be listed. Solving the quadratic equations gives the Fo and F2, as well 
as the phase relation of them. 
Previously this standard method was applied to gramicidin-lipid assembly [50]. 
It requires the sample to have a well defined thickness for precise x-ray absorption 
correction. At that time, the sample was sandwiched between two beryllium plates, 
thus the thickness was determined more accurately. But the sandwiched sample has 
slow response to RH change, which is essentially to crystallize the lipidic structure. 
Open samples used in this thesis are subject to rapid hydration change, and are easier 
to prepare. But the thickness of the lipid on the substrate is not well defined: the 
samples could not be as even as that of confined in rigid space; the thickness also 
changes with hydration level. As a result, the beam path through the multilayer 
sample is just an estimate. Therefore the precision of x-ray absorption correction is 
greatly hindered. 
Another problem from this method is that the multiple solutions of the quadratic 
non-linear equations. Because each coefficient in the equations contain a degree of 
experiment errors. Accumulation of errors during the calculation make it hard to 
select the correct ones from the non-physical ones, and there are not many constrain 
conditions in membrane system. So the solutions are can be ambiguous. For the 
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above reason, an alternative MAD approach has been developed in this group. 
A New MAD Method 
If the structure is centrosymmetric, which is often true in lipid bilayer structure, 
so both F0 and F2 are real with their phase 0 or n (+1 or —1). Prom Equation 2.18: 
l ^ | 2 = (^o + ^ F 2 ) 2 + (^) 2F 2 2 , (2.20) 
the second term of which is about 1% of the first term, because for energies below the 
absorption edge /A' is about 1/10 of the | / ' | (Table 2.2). Approximately, the second 
term can be ignored, so 
\FX\**±(F0-^F2). (2.21) 
l/M 
This indicates a simple linear relation between \F\\ and ±-p-. If a few wavelengths 
(e.g. 10 wavelengths) below the label atom's absorption edge are chosen, \F\\ and 
I/AI 
at each wavelength are obtained subsequently. For each independent peak, the 
|FA | is plotted as a function of ^ as in Figure 2.9. The linearity of the data points 
justifies Equation 2.21. From the linear fitting of the data points, the intercept gives 
the normal diffraction amplitude of the whole system, |Fo|; the magnitude of the slope 
gives the normal diffraction amplitude of the bromine atoms alone, |F2|; the sign of 
the slope gives the sign of —FQ/F2, which is the phase relation between F0 and F2. 
The individual phases of structure factors Fo and F2 are to be determined. And 
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Figure 2.9: An example of MAD linear fitting plot. \F\\ is plotted against -U -^. The circles 
are \F\\ data points from different energies, the line is the linear fitting of these points. The 
intercept gives the normal diffraction amplitude of the whole system, |i*o|; the magnitude 
of the slope gives the normal diffraction amplitude of the bromine atoms alone, |i*2|; the 
sign of the slope gives the sign of —F0/F2. 
The MAD analysis reduces the phase problem of the whole lipid system to that 
of the label atoms distribution, which greatly simplify the problem. This MAD 
method has been applied successfully to solve phase problem of the lamellar multi-
layer structure [51], the inverted hexagonal phase structure [52], and the rhombohedral 
phase structures in this thesis [53, 54]. 
2.3.2 Experiment Setup 
This MAD method requires different wavelengths of x-ray, so synchrotron radi-
ation is the best choices. All MAD experiment are performed in X21 beam line of 
NSLS at Brookhaven National Laboratory (Upton, NY). 
33 
Anomalous Scattering Factor 
The bromine atoms of the brominated lipid dil8:0(9,10Br)PC are used as anoma-
lous labels (Section 2.1.1). The absorption spectrum of Br atoms in the sample is 
obtained by measuring the fluorescence from the brominated lipid experimentally. 
The setup is in Figure 2.10. The brominated lipid is deposited on a glass substrate, 
which is placed at 45 ° to the incident x-ray beam. The incoming beam intensity 
is monitored by an ion chamber detector (IC), and the fluorescence is measured by 










Figure 2.10: Experimental setup for fluorescence measurement. PIPS detector is perpen-
dicular to the incident beam, such that only fluorescence signal can be picked up by PIPS 
detector. 
Bromine absorption K edge is at 13.474 keV, so the fluorescence spectrum is mea-
sured around the K edge, from about 13.1 keV to 13.8 keV in a 1 eV step (Figure 2.11). 
The result is inputed into the CHOOCH program [55], to get anomalous scattering 
factors / ' and / by Kramers-Kronig theorem. 
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X-ray Energy (keV) 
Figure 2.11: The measured Br fluorescence changes with x-ray energy. The absorption 
K-edge is at 13.474 keV. 
Energy Selection 
Ten sub K-edge x-ray energies are chosen such that the values of fx at successive 
energies differ by by A/A=0.5 in the unit of electron (Table 2.2). The grazing-angle 
x-ray diffraction patterns are recorded at each of these chosen energies to do MAD 
analysis. 
Note the sensitivity of detectors and the attenuation factors of attenuator used 
in the MAD experiment can also be wavelength dependent. To ensure the correct 
data reduction, all detectors (PIPS, IC, CCD area detector) are calibrated at different 
energies. It turns out the calibration coefficients are close to constants. But for the 
niobium (Nb) attenuator used to prevent the saturation readings from strong peaks, 
the attenuation factor is significantly different at different energies (Table 2.2). In 
data reduction, this factor must be included. 
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Table 2.2: Anomalous scattering factors and the attenuation factors of the niobium (Nb) 
























































2.4 Phase Determination and Structure Reconstruc-
tion 
By Model Fitting 
One possible way of determining the phases of the structure factors is to make 
use of a model that reproduces the experimental structure factors [56]. An electron 
density distribution model is built as pmod(r), so the structure factors from the model 
is 
Fmod(q) = f pmod{v) e x p H q • r)dV, (2.22) 
Jv 
where q is the reciprocal vector, and r is the position vector. For the lattice with a 
center of symmetry, like the structures in this thesis, Equation 2.22 can be reduced 
to [48] 
Fmod(H, K,L)= [ pmod{x, y, z) cos 2n(Hqxx + Kqyy + Lqzz)dxdydz, (2.23) Jv 
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where (H,K,L) is miller indices in reciprocal lattices. 
The calculated structure factors from such symmetry have phases of 0 or 7r, or 
+1 or — 1. The phases obtained from the model are combined with the experimental 
absolute value of diffraction amplitudes to reconstruct the electron density. 
To rule out the model bias [57], usually more than one model are tested. To 
find the best model for phasing, the model structure factors are compared with the 
experimental structure factors by a T function [52, 58, 51]: 
(•ST* | pexp\ I pmod\ _M2 
T = l2./n=ff,a:,L Kn ll-fn | 4 ! . . 
CV |7?e:r:P|J_UV |pmod|J_V \L-L^) 
V2Lm=H,K,L\rn I el)KZ^n=H,K,L\rn I e2 ) 
where en is the standard deviation of \F%xp\ from the MAD analysis. The T factor is 
between 100% and zero, the larger T means the model is in a better agreement with 
the real structure. 
By Swelling Method 
Swelling method [59, 60] has been applied to solve the phase problem in the 
membrane system extensively (e.g. [61, 62, 6]). It makes use of the fact that the 
membrane structure has no significant change except the bilayer thickness (D spacing) 
within a certain range of RH or temperature. A set of discrete structure factor 
magnitudes \F(qn)\ are obtained at varying RHs or temperatures, then a continuous 
function F(q) is constructed from \F(qn)\ according to Shannon's Sampling Theorem 
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[63]: 
F(q) = Y, F(qn)sinc(qD/2 - im) = ^ F(qn)sinc{(q - qn)D/2), (2.25) 
n n 
where qn = 2im/D, D is the unit cell size; and the phases of F(qn) are either + 1 or 
- 1 . The F(q) is constructed along qz direction, since the stacking distance bilayer is 
sensitive to hydration. 
The chosen phases of F(qn) must make F(q) go through all of the data points 
smoothly (Figure 2.12). 
qtA1) 
Figure 2.12: An example of swelling method for phasing. A series of normalized diffrac-
tion amplitudes with varying hydration levels are plotted as a function of qz. Because of 
centrosymmetry in membrane system, the measured F(qn)s (circles) are plotted in both pos-
itive and negative phases. If the chosen phases (positive or negative) and the discrete F(qn)s 
construct a continuous curve F(q) (the line) going though all the data points smoothly, the 
chosen phases are correct choice. In practice, only two data points (equivalent to data from 
two RHs) at each qn are required to verify the F(q) curve. 
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The swelling method initially was applied in phase determination of the lamellar 
structure. It has been shown that it can be extended to solve in-plane structure of a 
lipid system, with the demonstration on solving a lipidic stalk structure as membrane 
fusion intermediate state [62, 6]. 
St ructure Reconstruction 
Once the phases and the diffraction amplitudes are determined, the electron 
density of the structure can be reconstructed by 
P(r) = 7 E F ^ e x P H q n - r ) ' (2-26) 
n 
For the centrosymmetric system, it is reduced to 
p(x, y,z) = - Y^ F(H' KiL) cos(27r(Hqxx + Kqyy + Lqzz)). (2.27) 
H,K,L 
The F(H,K,L) can be F0 or F2, corresponding to the EDP of the while lipid and 
the bromine distribution, respectively. Sometimes, errors from the experiment may 
yield to incorrect phases, but the reconstructed electron density must be consistent 
with the characteristics of lipid bilayer, such that some structures with no physical 
sense can be ruled out. The EDP should show continuous distribution of bromine 
or headgroup as in a bilayer. While the intensity along the profile can be varied 
due to undulation, abruptly discontinuity may only be allowed in pore region. The 
distance between the Br layers as well as the distance between headgroup and the Br 
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layers must consistent with the structure of brominated lipid. According to Br atom 
electron density, the electron density of Br distribution (constructed by using F2) in 
whole lipid must be stronger than that of the headgroup (constructed by using F0). 
Also, the bending curvature of the Br layers and the headgroup layers should be the 
same as a continuous bilayer. 
40 
Chapter 3 
Oriented Circular Dichroism 
Circular Dichroism (CD) measures the differential absorption of left-handed and 
right-handed circularly polarized light due to the presence of structural asymmetry 
of a sample. It is widely used to characterizing secondary structure of proteins and 
the handedness of DNA, mostly in solution. Proteins of alpha-helix, beta-sheet and 
random coil give rise to distinct CD spectra, as shown in Figure 3.1. However, proteins 
in solution have no orientation. The Oriented CD (OCD) experiment, invented by 
this group [64], utilizes aligned multilayer samples, so the orientation of proteins or 
peptides in the peptide-lipid assembly can be determined. 
3.1 Sample Preparation and Experiment Setup 
The sample used in the OCD experiment is basically the same as that of x-ray 
experiment. The substrate is quartz plate, diameter 1 cm, which is transparent to UV 
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Wavelength (nm) 
Figure 3.1: Examples of CD spectra from different secondary structures of proteins. 
light (wavelength range 185-250 nm is used in the experiment). Since the lipid could 
absorb the light and increase the noise signal significantly at Far-UV wavelength 
region, less sample than that of x-ray experiment, about 0.1 mg, is used. Also a 
sample with pure lipid only is measured before the peptide-lipid sample, so the lipid 
background can be subtracted from the spectrum. 
The sample is mounted in a chamber with RH and temperature controlled by 









Figure 3.2: OCD experiment setup. The normal of the lipid multilayer sample is parallel 
to the incident UV-light. The sample is mounted onto the RH-temperature controlled 
chamber. The UV-light passes through the quartz and the multilayer. 
3.2 The Orientation of Peptides Detected by OCD 
In the oriented multilayer sample, the lipid bilayers are parallel to the the surface 
of the substrate. It has been found that when helical peptides are perpendicular to 
the lipid bilayers, the CD spectrum I-state has a negative Gaussian peak around 224 
nm and a helix band around 190nm (the left of Figure 3.3); when helical peptides are 
parallel to the lipid bilayers, sitting on the surface of the bilayers, the CD spectrum 
S-state is composition of three Gaussians around 190 nm, 205 nm and 224 nm (the 
right of Figure 3.3). 
The OCD spectrum from a sample in a specific condition could be the one between 
I-state and S-state. That can be interpreted as either a certain ratio of helices are 
in separate states or the average orientation of the peptides in the bilayers; the OCD 
can not distinguish them [64]. Presumably, the transmembrane peptides are either 
inserted into the lipid bilayer, perpendicular to the lipid bilayer, forming membrane 
pores; or are absorbed on the surface of the lipid bilayers [40]. Therefore, the first 




























- i — • — i • i — • — i — i — i — 
180 190 200 210 220 230 
-40 
S state 
240 250 260 
Wavelength (run) 
— r — • — i — • — i — > — i — • — i — • — i — ' — i ' i — < — i 
180 190 200 210 220 230 240 250 260 
Wavelength <nm) 
Figure 3.3: CD spectrum of I state (left) and S state (right). The insets are only schematics 
of peptide (shown in green) orientation in the sample. The aggregations of the peptides 
does not represent realistic view. 
by decomposing the spectrum into a linear combination of I-state spectrum and S-
state spectrum: 
^Experiment — ^in^* I—state > ^surface^S—state 1 (3-1) 
so the percentage of inserted peptides is dn. 
The basis spectrum of I-state is usually obtained from high P/L ratio samples 
at full hydration, in which the peptides are in transmembrane state. And the basis 
spectrum of S-state is from very low P/L ratio at full hydration. Because spectra 
from different samples are from different amount of peptides, the basis spectra must 
be normalized. Here, I proposed a simple normalization method based on the amount 
of peptides used in the sample. The CD raw signal is proportional to the peptides 
in the sample. Since the samples are homogeneous, and the amount of the peptides 
in each sample is know. For example, The amount of peptides in the I-state sample 
is taken as a standard. If there are n times of peptides in the I-state sample than 
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the S-state sample, the S-state spectrum is G^^tLu = nx GT-state- A n o t h e r 0 C D 
spectra can be normalized to the same scale by this simple method, and then use 
Equation 3.1 to get the ratio of peptides inserted. 
An artifact from the OCD experiment is linear dichroism (LD). If OCD spectrum 
changes with the rotational angle, it implies that the signal contains LD artifacts; in 
that case a rotational average can remove the artifacts [64]. In this thesis, the OCD 
spectra of my samples did not change with the rotational angle. 
Extensive OCD studies have showed that the peptide orientation changes system-




Micropipet Aspiration of Vesicle 
Experiment 
This chapter describes the experimental method of the micropipet aspiration of 
vesicle used in the study. First, I will give a brief introduction on lipid vesicle. Then 
the procedure to produce vesicles in this study is described. Finally, the aspiration 
experiment setup is introduced to perform the experiment. 
4.1 Introduction 
Vesicles are membrane "bubbles" made of phosphate lipids. They exist widely in 
all kinds of cells. Vesicle is one of spontaneous forms of amphipathic lipid molecules 
in an aqueous environment, as shown in Figure 1.3. A vesicle is a small, intracellular, 
lipid compartment like a vehicle, capable of transporting substances between different 
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parts of a cell. Vesicles are involved in metabolism, transport and storage. For 
example, synaptic vesicles store various neurotransmitters, and then fuse with the 
plasma membrane to release them at the synapse. So the study of vesicles provides 
important structure and function information on lipid membrane [66]. 
Vesicles can be prepared by various techniques, resulting in a great variety of sizes 
ranging from nanometers to tens of microns. They are categorized into a few types 
depending on their lamellarity and size. Multilamellar vesicles (MLVs) have more 
than one layer of membrane, and are like one vesicle within another. If there is only 
one lipid bilayer in presence, they are called unilamellar vesicles. Small unilamel-
lar vesicles (SUVs) are 20 to 50 nm in diameter, with very large curvature. Large 
unilamellar vesicles (LUVs) are 100 to 1000 nm in diameter. Both SUVs and LUVs 
have relatively large curvature, which plays an important factor in the membrane 
property; and are too small to be seen by optical microscope. They are used in batch 
and usually demonstrate ensemble average behavior of the lipid membrane. 
Giant unilamellar vesicles (GUVs), which are used in this study, are in the order 
of a few microns to a few hundred microns. They have comparable sizes to large 
organelles and cells, and each individual of them can be manipulated and observed 
directly under optical microscope. So they are excellent tools to study the properties 
and behaviors of membrane. 
Micropipet aspiration of GUVs is a method of manipulating GUVs. It has been 
used to determine the mechanical properties of lipid bilayers, such as bending mod-
47 
ulus, compressibility modulus, and lysis tension. This method is used to hold GUVs 
at a low constant negative pressure with membrane tension about 0.5 to 1 dyn/cm, 
much lower than that used in membrane tension experiment. The GUVs are then 
exposed to peptide solution. The observed response reveals how lipid bilayer interacts 
with peptides. 
4.2 Sample Preparation 
There are two widely used protocols to produce GUVs: spontaneous swelling 
method or electro-formation method. In short, the spontaneous swelling method 
makes use of a rough surface (usually on a Teflon plate). A certain amount of lipid is 
spread out onto the plate, and pre-hydrated with saturated water vapor. Then, it is 
placed in water or other aqueous solution for overnight or a few days. The resulting 
GUVs is very disperse in size, ranging from about 1 microns to about 20 microns, 
and with all kinds of defects. 
The electro-formation protocol produces much uniform, quality GUVs within usu-
ally a few hours. The disadvantage is that when using salt solution, the production 
will be dropped to almost none due to the conductance of the solution. In this study, 
I used the electro-formation protocol to produce GUVs in glucose solution. 
The Protocol 
Lipid is dissolved in chloroform to the concentration 1 mg/mL. A tiny amount 
of dye lipid Rh-DOPE (usually 0.5% molar ratio) is used to enhance the image of 
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GUVs. 50 //L of the lipid solution is spreaded onto two 4 cm long platinum electrodes 
about 1 cm apart in a covered Teflon chamber (Figure 4.1). After drying in the air, 
the chamber is placed in vacuum for at least one hour to remove the organic solvent 
completely. Then it is filled with 200 mM or 100 mM sucrose solution. 
An AC field with an amplitude of 1.5 V and frequency of 10 Hz is applied to 
the electrodes for 30 min. Then the frequency is changed to 3 Hz for 15 minutes; 
1 Hz for 7 minutes; and 0.7Hz for 7 minutes. The vesicles are used immediately 
after production, all experiments are within 8 hours of the production. The GUVs 
suspension is filled with 200 mM or 100 mM glucose solution. The inside and outside 
of GUVs is balanced with the same osmolarity, which is monitored by a vapor pressure 
osmometer Wescor 5520 (Wescor, Logan, UT). GUVs with sucrose inside sink onto 
the bottom of the chamber, thus they are easy to find and better for phase contrast 
imaging. 
Figure 4.1: The electro-formation chamber to produce GUVs. An AC power supply is 
connected to it. After filling with sucrose solution, it is covered to prevent evaporation. 
The Pt electrodes and the chamber are thoroughly cleaned by organic solvent and distilled 
water before each use. 
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4.3 Aspiration Experiment 
Aspiration experiment is highly specialized. The micropipets, the sample cham-
bers, and the aspiration tubing are all customized to accommodate the fine manipu-
lation of the micro-scale vesicles in the suspension. 
4.3.1 Aspiration Setup 
Micropipets are fabricated by a micropipet puller (Sutter P-97, Novato, CA), and 
then forged by a micro forge (MF-900, Narishige, East Meadow, NY) to make the the 
break clean, usually 5 to 8 microns in diameter. The small opening is used to hold 
GUV, and the wide opening is held air-tightly by aa pipet holder (Narishige, East 
Meadow, NY). 
The aspirating negative pressure is produced by connecting the micropipet holder 
to a height-adjustable water reservoir (the left of Figure 4.2) or a micro syringe (Nar-
ishige Inc., East Meadow, NY) (the right of Figure 4.2). They are used interchangeably 
in the experiment. 
A water reservoir is mounted to a motorized mechanical slider (Robocylinder, 
Torrance, CA). When the water reservoir is lower than the level of the micropipet, 
a negative pressure is generated. And the pressure difference is calculated by simple 
equation P = pgAh, where p is water density, g is gravitational constant, Ah is the 
differential height. 
In the case of micro syringe controlled pressure, a manometer (MKS Pressure 
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Figure 4.2: Two sets of aspiration setup. The left one uses water height difference to 
generate aspiration pressure, and the right one uses a micro syringe. Both methods are 
equivalent and used interchangeably in the experiment. 
Transducer 223 with a digital readout MKS 660 (Andover, MA)) is connected into 
the tubing system to measure the suction pressure. 
By utilizing two sets of this aspiration setup, even two vesicles, one on the left, 
the other on the right, can be manipulated to do other experiment. For example, two 
vesicles can be bought together into close contact to observe GUVs fusion event. 
4.3.2 Sample Chambers and Transfer 
Two chambers, (one for GUVs suspension, the other for observation), are made 
onto a microscope glass slide, side by side and apart about 3 mm. The size is 2.5 
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mm (H)x 30 mm (L)x 10 mm (W) (Figure 4.3) for each. To observe the effect of 
peptide on GUVs, the aspirated vesicle is aspirated and transferred to an observation 
chamber with a transfer pipette (with inner diameter 1 mm) protected. Then the 
transfer pipette is withdrawn in the observation chamber to expose the GUV to the 
peptide solution. The manipulation of the pipette holders is done by a pair of oil 
hydraulic micromanipulators (MO220D, Narishige, East Meadow, NY). 
The GUVs response to the peptide solutions is recorded by a camera (Nikon NS-5 
MC, Melville, NY) attached to an inverted microscope (Nikon TE300, Melville, NY) 
for later analysis. 
To prevent water evaporation, the sample chamber is covered by a transparent 
plastic cover with small openings throughout the experiment. 
4.3.3 Data Analysis 
An aspirated GUV consists of a cylindrical protrusion (length Lp) inside the mi-
cropipet (radius Rp) connected to the spherical vesicle (radius Rv) at the tip of the 
micropipet (Figure 4.4). The protrusion length will change corresponding to any 
change in the surface area A and/or the volume V, when the GUV is exposed to 
interacting molecules. 
The surface area A changes with constant volume V in some cases, e.g., peptides 









Figure 4.3: The Schematics of the GUV transfer experiment. (A) An aspirated GUV is 
held in the suspension chamber, then inserted into a large transfer pipette filled with the 
same solution; (B) The aspirated GUV in the transfer pipette is moved to the observation 
chamber by moving the whole microscope stage, while keeping both pipettes still; (C) The 
transfer pipette is removed to expose the GUV to the peptide solution. The video recording 
starts from this point as t=0 s. 
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Figure 4.4: An example of aspirated GUV. The red color is from florescent dye lipid Rh-
DOPE, used to show GUV boundary better. The green color is from Calcein. Lp is the 
cylindrical protrusion length, Rp is inside the micropipet radius, and Rv is the radius of 
GUV. 
AA is calculated by 
AA(t) = 27ri2p(l - ^)ALp(t). (4.1) 
Since Rp and Rv are constants during one experiment process, the ALP at different 
time point gives how surface area A changes with time. The ratio of area change is 
AA(t) _ Rp(l - %)ALP 
2RI 
(4.2) 
If the volume of vesicle increases due to influx of solution, the surface area will keep 
as a constant, and the protrusion length ALP will decrease. In this case, 
A ^ = -7rRp(Rv - Rp)ALp. (4.3) 
Control experiment is also performed with the observation chamber filled with the 
same solution of no peptide as in the GUV suspension chamber. After the GUV is 
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transferred to the observation chamber, no obvious change of the protrusion length 
is observed for up to 1 hours. 
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Chapter 5 
Structure of Alamethicin Induced 
Pore 
This chapter presents the structure of the alamethicin-induced transmembrane 
pore reconstructed by x-ray diffraction. The experiment and analysis is following the 
processes described in last several chapters. 
5.1 Introduction to Alamethicin 
Alamethicin is an antibiotic peptide, isolated from fungus Trichoderma viride. 
Like all other antimicrobial peptides, it serves as first defense line against invading 
microbes before the adaptive immune system acting. The alamethicin from the fungus 
is a mixture of components: alamethicin I and alamethicin II. They differ by one 
amino acid Ala/Aib [67]. The sequence is Ac-Aib-Pro-Aib-Ala-Aib-Ala/Aib-Gln-
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Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Phl. 
The crystal structure of alamethicin has been solved [3]. It is ct-helix bent slightly 
at the residue Pro. Including the side chains, it is about 3.2 nm long and 1.1 nm 
in diameter, as shown in Figure 5.1. Most water-accessible polar atoms are along a 
narrow region parallel to the helical axis, (Figure 5.1), and it is amphiphilic. 
Figure 5.1: Structure of alamethicin rendered from PDB ID: 1AMT [3]. The left one 
is a ribbon model, showing the helical structure of alamethicin; the right one shows its 
hydrophobic surface: the blue represents hydrophilic part, while the red represents hy-
drophobic part. 
Alamethicin forms voltage-gated ion channels by inserting into lipid membrane 
[68]. The kinetic experiments of ion conduction suggest that alamethicin forms trans-
membrane pores resemble to barrel-stave model: the hydrophilic side faces water 
channel, and the hydrophobic side adjoins the hydrocarbon chain region [23, 3]. This 
channel made of 8 peptides has been measured by neutron in-plane scattering in this 
group [33]. 
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5.2 Materials and Experiments 
Alamethicin was purchased from Sigma-Aldrich Chemical (St. Louis, MO). The 
Sigma product consists of principally alamethicin I (85% by high-performance liq-
uid chromatography) and alamethicin II (12%). This product has been used in a 
great number of previous investigations. The brominated lipid dil8:0(9,10Br)PC) is 
described in Section 2.1.1. All materials are used as delivered. 
The OCD and x-ray experiments are following the procedures in previous chapters. 
5.3 The Orientation of Alamethicin in Membrane 
Alamethicin forms an a-helix when bound to lipid bilayer, as indicated by its CD 
spectrum [65, 40, 61] and is in agreement with its crystalline molecular structure [3]. 
By a combination of OCD and neutron experiments [69, 33], it has been found that 
the pore formation requires the perpendicular orientation of alamethicin helices to 
lipid bilayers. 
Studies by OCD have demonstrated that the peptide orientation changes in the 
membrane systematically as a function of concentration (expressed as peptide/lipid 
molar ratio; P/L) [65, 61]. At low concentration, alamethicin is on the membrane 
surface with its helical axis parallel to the plane of the bilayer. But as the concen-
tration P/L increases above a critical value, P/L*, an increasing fraction of peptides 
reorient to the perpendicular to the plane of the bilayer. The critical value P/L* de-
pends on the lipid compositions of the bilayers. In saturated lipids such as dil2:0PC 
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or dil4:0PC, the P/L* are very low so that alamethicin is always inserted and per-
pendicular to the bilayers in all measurable concentrations. In unsaturated lipids, the 
P/L* varying from 1:30 to 1:200 [70]. The brominated lipid dil8:0(9,10Br)PC, with 
two bromine atoms on each chain, is used in this structure study. Although it is a 
saturated lipid, the two extra Br atoms on each chain make the lipid behave similarly 
to an unsaturated lipid, as depicted in Section 2.1.1. The OCD spectra in Figure 5.2 
shows that alamethicin is in the S state (the parallel orientation) in the P/L=l/100 
sample at full hydration; and alamethicin is in the I state (the perpendicular inserted 
oriented) in the P/L=l /30 and 1/20 sample at full hydration alamethicin. Thus the 
P/L* in dil8:0(9,10Br)PC is between 1/100 and 1/30; the exact value is irrelevant to 
this experiment. 
Previously, neutron in-plane scattering experiment on the same OCD samples de-
tected transmembrane water channels in the bilayers whenever P/L exceeds P/L*, but 
no channel was detected if P/L is smaller than P/L*. This indicates that alamethicin 
parallel to bilayer only does not form pores. Pores are associated with alamethicin 
orienting perpendicular to the membrane. Therefore the membrane pores are already 
formed in P /L=l /30 and 1/20 samples at full hydration. 
In fully hydrated multiple bilayers, the neutron scattering shows that alamethicin 
pores diffused freely in each bilayer like a two-dimensional liquid, and there were no 
interbilayer correlations [44, 71]. However, at dehydrated conditions, the interbilayer 
distance is shortened and the interactions between bilayers could cause the membrane 
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pores to become long-range correlated crystal [44, 71]. This is the case that the 
multilayer sample of alamethicin-dil8:0(9,10 Br)PC is dehydrated. At 25 °C, the 
lipid-peptide systems (for both P / L = l / 2 0 and 1/30) is in the lamellar phase between 
100% and 60% RH. Below 55% RH the systems transform to a rhombohedral phase 
Figure 5.3. The OCD shows that under this condition ( P / L = l / 2 0 , 42% RH), about 
30% of alamethicin peptides remain perpendicular to the substrate Figure 5.2. As it 
will be discussed below, not all the lipids and peptides in the sample transform into 
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Figure 5.2: The OCD of alamethicin in multiple bilayers of dil8:0(9,10Br)PC. The I state 
and S state bases are obtained from P /L=l /20 and 1/100 samples, respectively, at full 
hydration. The sample P /L=l /20 measured at 42% RH is shown by a solid line, and the 
fitting dash line is calculated by a linear combination of I and S state, as shown in Equation 
3.1. The result indicates about 30% of the alamethicin helices are oriented perpendicular 
to the lipid bilayers. 
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5.4 Crystallization of Alamethicin-Lipid Assembly 
Pure dil8:0(9,10Br)PC is able to transform to rhombohedral (R) phase (space 
group R3), but the phase diagram is different from that of alamethicin/lipid sample, 
as shown in Figure 5.3 . The pure lipid is in a lamellar (L) phase from RH 100% to 
60%, then transforms to a newly discovered tetragonal (T) phase (space group I4i) 
between RH 58% and 54%, and the pure R phase is below 52% RH. This R phase 
of a pure lipid (Figure 5.4) has been analyzed, in which the unit cell is a structure 
of two bilayers merging to an intermediate state of membrane fusion called a stalk. 
The R phase of the alamethicin/lipid assembly is different. First, it exhibt different 
phase diagram: The R phase is below 55% RH and there is no T phase. Another 
important difference is in the lattice constants at the same condition: the pure lipid 
R phase has c=5.40 nm, a=6.96 nm, but the alamethicin/lipid assembly has c=4.95 
nm, a=5.94 nm (Figure 5.4). 
Although the alamethicin/lipid assembly sample are prepared at different P/L 
(1/20 and 1/30), their diffraction patterns are the same within experimental errors, 
both having the same lattice constants and the same relative integrated peak intensi-
ties. This implies that the actual P/Ls in the R phase are not necessarily the same as 
the P/Ls in the samples. That means that there are excess lipids or peptides which 
are not part of the R phase, yet there are no extra diffraction peaks. This phenomenon 
is often seen in lipid phase transitions. For example, it has been demonstrated that 











Pure lipid P/L= 1/20 and 1/30 
Figure 5.3: Phase diagram of the pure lipid and the alamethicin/lipid sample. There 
are always two phase coexistence regions when one phase transits to another (some mixed 
regions are not shown in this diagram). 
lipid/water ratio between phases, the excess lipids are often in a coexisting phase that 
do not diffract [72]. These excess lipids are considered to be in a unstructured, or 
non-diffracting phase. 
m t : '
j l B ! : c 
Figure 5.4: Diffraction patterns of (A) the pure lipid dil8:0(9,10Br)PC at RH 
lower than 52%, (B) alametmcin/dil8:0(9,10Br)PC=l/30 sample at 40% to 55%, 
(C)alamethicin/dil8:0(9,10Br)PC=l/20 at 40% to 55%. The symmetry is rhombohedral 
(space group R3). B and C are vitually the same. The lighter background in (C) is due to a 
shorter exposure time. The whiter strips with lighter background are due to Nb attenuator. 
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However, a possible non-diffracting lipid structure has never been aware of. One 
possible explanation for not seeing extra diffraction peaks is that the coexisting phase 
is the lamellar phase with the same lamellar spacing as the R phase, and has the same 
hydration dependence as the R phase from 40% to 55% RH. This is unlikely because 
both pure lipid and alamethicin/lipid mixtures transform from a lamellar phase at 
high hydrations to a R phase at low hydrations, and pure lipid and mixtures have 
very different lattice constants. Furthermore, between P/L=l /20 and 1/30 samples, 
the 1/30 sample has more lipids for the same amount of peptide and therefore should 
have a greater amount of excess lipids in this coexisting lamellar phase. However 
there is no noticeable difference on their peak intensities between the 1/20 and 1/30 
samples. What happens to the extra lipids during a phase transition is a puzzle 
worthy of further investigation. 
If there were a coexisting non-diffracting phase with the R phase, how the alame-
thicin molecules are distributed between the R phase and the coexisting phase is also 
unclear. 
Although the OCD is very sensitive to the difference between the perpendicular 
and parallel orientations, it is not sensitive to the difference between the parallel orien-
tation and the randomly distributed orientation. So the remaining 70% of alamethicin 
could be in the S state with the R phase or just randomly oriented in the unstructured, 
non-diffracting phase. 
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5.5 Data Reduction and MAD Analysis 
Since diffraction patterns of the P/L=l /20 and 1/30 samples are practically the 
same at the R phase, the x-ray structure analysis is based on the P/L=l /20 sample 
at 42%RH. 
The rhombohedral diffraction pattern (Figure5.4) is described by a set of reciprocal 
vectors indexed by (h: fc, I): 
bi = (l/a,l/y/3a,-2/3c), 
b2 = (0 ,2/V3a,- l /3c) , 
b 3 = (0,0,1/c), 
which correspond to the crystal axes 
ai = (a, 0,0), 
a2 - (-a/2,V5fl/2,0), 
a3 = (a/2,a/2y/3,c). 
ai, a2, a3 define a primitive unit cell. And the lattice constants a=5.94 nm and 
c=4.95 nm. 
Equivalently the lattice can be described by another set of the reciprocal vector 
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indexed by (77, K, L): 
B! = ( l / a , l / \ /3a ,0) , 
B 2 = (0,2/\/3a,0), 
B 3 = (0,0,l/3c); 
and the crystal axes are 
Ai = (a, 0,0), 
A2 = (-a/2,V3a/2,0) , 
A3 = (0,0,3c). 
The unit cell defined by Ai, A2, A3 consist of three primitive unit cells positioned at 
(0,0,0), (a/2,a/2y/S,c) and (0,a/\/3,2c). 
Diffraction peaks are integrated from the diffraction pattern with background 
carefully removed. Following data reduction procedures in Chapter2, the relative 
magnitudes of diffraction amplitudes \F\(H,K,L)\ corresponding to each x-ray en-
ergy are obtained. As described in Section 2.2.2, the diffraction peaks of q r >0 
are distributed on a Bragg ring around z axis, so these symmetry-related peaks are 
grouped as one with their intensities averaged. 
As \F\(H,K,L)\ and -r- are known, MAD analysis gives the normal diffraction 
amplitudes of the whole system |F0 |, normal diffraction amplitudes of the bromine 
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atoms alone |F2 |, the ratio —F0/F2, the linear correlation coefficient r and the stan-
dard deviation of li7^ j , e. The linear fitting plots in the MAD analysis are shown in 
Figure 5.5. The results are listed in Table 5.1. Yet, the individual phases of F0 and 
F2 are to be determined. 
Peak #2 Peak #3 
0.1 0.12 0.14 0.16 0.18 0.2 
lyi/i" 
Peak #4 
0.1 0.12 0.14 0.16 0.18 0.2 
Peak #7 
0.1 0.12 0.14 0.16 0.18 0.2 
lyi"" 
Peak #10 
0.1 0.12 0.14 0.16 0.18 0.2 
lyi/f1 
0.1 0.12 0.14 0.16 0.18 0.2 
Peak #5 
0.1 0.12 0.14 0.16 0.18 0.2 
iyi^ 
Peak #8 
0.1 0.12 0.14 0.16 0.18 0.2 
lyitf" 
Peak #11 
0.1 0.12 0.14 0.16 0.18 0.2 
lyirf1 
Peak #9 
0.1 0.12 0.14 0.16 0.18 0.2 
iyi/r 
Peak #12 
0.1 0.12 0.14 0.16 0.18 0.2 
IVI/f" 
Figure 5.5: MAD analysis for the diffraction peaks. For each peak, F\ is plotted as a 
/ 
function of 4A. The results are in Table 5.1 
In 
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Table 5.1: Results of MAD analysis from diffraction patterns obtained at 42% RH 
25 °C(sysmetry-related peaks are grouped as one independent peak) 

































































































5.6 Phase Determination and Structure Reconstruc-
tion 
The diffraction patterns of the R phase of alamethicin/lipid multilayer samples 
do not vary much within the range of 55% to 40% RH. As a result, it is not possible 
to use the swelling method [60, 62] for phase determinination. Here models are used 
to solve the phase problem, as outlined in previous chapter. 
Since the phases relation between F2 and F0 are known, once the phases of the 
bromine diffraction amplitudes F2 are determined, so are the phases of the whole lipid 
Fo. And because the bromine distribution is stronger and clearer, it is better to try 
obtaining F2 phases first. 
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5.6.1 Patterson Function 
To build a model relevant to the structure, it is necessary to get as much infor-
mation as possible from the known diffraction amplitudes, such as |F2 | and \F0\. The 
Patterson function is utilized here. Essentially, the Patterson function is the Fourier 
transform of the intensities instead of the structure factors, so no phase is required. 
It represents the self-correlation of the structure with itself. That is when the struc-
ture overlaps with itself, the Patterson function generates a maximal peak; when the 
overlap is between just some features of the structure, it will give a smaller peak [51]. 
The Br distribution amplitudes \F2(H, K, L)\ are used to construct the Patterson 
function within a unit cell: 
P(r) = Y, lF2(#, K, L)\2 = cos(27r(i/B1 + KB2 + LB3) • r) (5.1) 
H,K,L 
Figure 5.6 A shows the Patterson function along the c axis (this is the z direction, 
vertical to the sample multilayers), P(z); and Figure 5.6 B is along the ai = (a, 0,0), 
P ( r » a i ) . 
P(z) exhibits fine structures within a repeat distance of 3c, c being the vertical 
height of a primitive unit cell. As it is shown in Figure 5.6A, P(z) is asymmet-
ric within the period of one primitive unit cell, from 0 to c. That is because the 
rhombohedral lattice consisting of two-dimensional hexagonal lattices stacks up in 
the ABCABC... fashion [62, 71], so the correlation between ABC is not as strong 
as a stacking of AAA Within a primitive unit cell (0 to c), the positions of the 
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peaks in the Patterson function P(z) can be reproduced by a structure model of two 
Gaussian peaks, 
Pmodei(z) = exp(-(z - d/2)2/2a2 + exp(-(z + d/2)2/2a2), (5.2) 
positioned symmetrically with respect to the midplane (z=0) in the unit cell. This 
model produces three peaks (Figure 5.6 A) within the primitive cell: one self-correlation 
peak splitting into two halves: one-half at z=0 and another half at z=c; and two inter-
correlation peaks, at z=d and at z=c-d, in which d=1.42 nm. This structural model 
is consistent with two Br layers in one lipid bilayer. 
P(r«ai) , showing a single self-correlation peak (Figure 5.6 B), indicates that there 
is a structure in the unit cell, and its horizontal dimension is about the width of the 
peak, about 4 nm. 
Some important structure features can be deduced from the Patterson function. 
First, the Br distributions are concentrated on two z planes separated by 1.42 nm, as 
in a lipid bilayer. Secondly, there is a structure in the lipid bilayer with horizontal 
dimension about 4 nm, e.g., a hole; otherwise, there should have no Patterson peaks 
if it is just featureless planar bilayer. 
5.6.2 Model Testing and Phase Determination 
Based on the conclusions from the Patterson function, a model of two parallel Br 
planes with a central hole, shown in Figure 5.7 is constructed. The distance between 
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z (nm) r (nm) 
Figure 5.6: The Patterson function from the intensities. (A) P(z) along the c axis, from 
z=0 to 3c (c=4.95 nm, the bilayer thickness). The Gaussian decomposition is from z=0 to 
c, shown in Gray. (B) P(r © ai) along the ai=(a,0,0), fromx=-a/2 to a/2 (a=5.94 nm, the 
horizontal unit cell size). 
the two planes, d, and the radius of the central hole, R, are the adjustable parameters. 
The model diffraction amplitudes are calculated from 
Fmod{H:K,L) = fH,K,L f pfay,z)C062n(H{- + -^) + K-?jL + L±-), (5.3) 
Junitcell a V o a V d d oC 
with 
IH,K,L = 1 + exp(-z(27r/3)(2# + K + L)) + exp(-i(2ir/3)(H + 2K + 2L)), (5.4) 
which represents the group of 3 primitive cell in a unit cell [48]. Note that for all 
(H,K,L) in R phase, JH,K,L = 3. The T function (Section 2.4) is used to test the 
agreement between the model and the experimental data. 
The highest T factor (71.23%) is obtained by sweeping parameters d around 1.42 
nm and R within all possible ranges. The model gives rise to many high-order diffrac-
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Figure 5.7: A simple model for the bromine distribution. The left one is side view and 
the right one is the top view of the primitive unit cell. Since the model itself is like a stiff 
disk, it is called rigid model. Position fluctuation, or Debye-Waller factors are imposed on 
the model to reproduce the experimental amplitudes. 
tion peaks which are absent in the recorded diffraction pattern. The reason is that the 
actual distribution of Br atoms is much more diffused than the simple model and the 
unit cells may fluctuate from one lattice site to another due to the characteristics of 
the liquid-like lipids. Also, the calcuated model amplitudes are very discrepant to the 
experimental values, as shown in the left panel of the Figure 5.8. To keep the model 
simple, one Debye-Waller factor in the z direction exp(—q\Bf) and one Debye-Waller 
factor in the horizontal plane exp(—g2i?2) are applied to represent these effects. The 
B factors as well as d and R are varied again until a maximum T factor is achieved 
at T=91.01%, where the model parameters are d=1.4 nm, R=1.94 nm, Bz=0.29 nm, 
Br=0.71 nm. The improvement can be seen from the right panel of the comparison 
chart Figure 5.8, as well as the significant increase in T factor. 
Alternatively, a Gaussian model in both the z and r directions is used (Figure 
5.9), because the Br distribution is more of Gaussian instead of the rigid model: 
- ( z - r f / 2 ) 2 , -{z + d/2)\ ~(*2 + A ,m 
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Figure 5.8: The comparison of model diffraction amplitudes and experimental amplitudes. 
The left one is before applying the Debye-Waller factor, and the right one is after applying 
the factor. 
The adjustable parameters are d, a, and TQ. The rigid model with Debye-Waller 
factors and the Gaussian model are essentially the same. The latter model gives a 
maximal T factor (90.24%) at d=1.46 nm, <r=0.41 nm, and r0=0.58 nm. Both models 
give the same phases for the diffraction amplitudes in Table 5.1. This set of phases 
gives the best structural result, which is consistent with a structure composed of two 
lipid monolayers. 
That the T factor is not higher than 91% is most likely due to the density variations 
caused by the lattice constraint, i.e., the unit cell is confined in a hexagonal lattice, 
visible in the top view of Figure5.7. For example, the effect of lattice constraint on 
the density distribution in the inverted hexagonal phase has been analyzed before 
[52, 56]. Such density variations caused by lattice constraint would be absent if the 
pore were formed in a planar lipid bilayer. 
Because a biased model could result a set of phases with biased structural result. 
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Figure 5.9: The Gaussian Model in 3D view (the left panel, red is the high density part) 
and the side view (the right panel, white is the high density). The distribution of the 
bromine layers is modeled as two Gaussians along z direction as well as in the r direction 
in the rim of the pore. 
Other models resembling a toroidal style pore like the one in Figure 5.10 are also 
tested, but the resulting phases do not produce a meaningful structure like a possible 
assembly of lipid bilayers. Also, the T factors from those models are much smaller. 
Figure 5.10: Other models, like this one resembles toroidal pore, are also tested. But the 
resulting phases are not producing meaningful structures. The dark red color represents 
the highest density, the distribution of the bromine layers is still Gaussian. 
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5.6.3 Structure of the Unit Cell 
The model phases are used to construct the electron density maps of the unit cell: 
p(r) = ^ FEXP(H, K, L) COS(2TT(^B1 + KB2 + LB3) • r). (5.6) 
H,K,L 
The results are shown in Figure 5.11 for the Br distribution and for the whole lipid 
distribution. Figure 5.12 shows a three-dimensional view of the unit cell. The ba-
sic feature of this structure is robust in the sense that if a few phases randomly 
change signs, the main feature would remain the same; i.e., the unit cell is a planar 
lipid bilayer with a central hole. The low resolution diffraction reveals only the 
high density regions of the electron distribution, viz., the phosphate groups and the 
bromine atoms. There is an obvious hole in the center, but otherwise there is no 
visible perturbation to the remaining bilayer. Note that the hole region where the 
density should be more or less uniformly low is in fact not uniform and contains a 
number of relatively high density horizontal fringes as well as deep minima. These are 
due to incomplete cancellation from the limited number of diffraction peaks. Some 
of their integrated intensities, particularly those of weak peaks, might contain errors 
from background removal as well. 
Because the possibility of a coexisting lamellar phase can not be ruled out, even 
though unlikely as discussed above. The nonuniform density in the hole region, such 
as the horizontal fringes, might be caused by a coexisting lamellar phase in the sample. 




Figure 5.11: Normalized electron density distributions in a primitive unit cell of bromine 
atoms (A and B) and the whole lipid system (C and D). Top view (A) is the plane through 
the maximum of the Br layer (z« 2.1nm). Top view (C) is the plane through the maximum 
of the phosphate layer (z« O.Qnm). The side views (B and D) are a cut through the long 
diagonal of the hexagon. 
peaks, hence excluding the contribution of a coexisting lamellar phase, if any. The 
results are shown in Figure 5.13. The nonuniformity is still seen in the hole region, so 
it is due to the limited number of diffraction peaks, not due to a possible coexisting 
lamellar phase. The distributions of the phosphoryl headgroups and bromine atoms 
are planar and parallel to each other in the EDP. This is contrary to the case of the 
membrane fusion intermediate state [62, 6] and the case of pores induced by Bax-
ab peptide, which will be presented in the next chapter, where the monolayers are 
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Figure 5.12: Three-dimensional view of a unit cell. One sixth of the unit cell is removed 
to show the interior. The surface of electron density distribution is chosen at a density value 
such that the central hole is 4.0 nm in diameter, according to the model. The low-resolution 
diffraction essentially reveals the layers of phosphate groups (top and bottom layers) and 
the layers of bromine atoms (two interior layers). An alamethicin channel of eight monomers 
arranged in the barrel-stave style fits the hole perfectly. 
obviously curved. Although alamethicin is invisible due to its electron density being 
practically indistinguishable from that of water or the methylene, the configuration of 
the lipid leaflets is unambiguously clear. It is that of a barrel-stave style pore. Due to 
the large Debye-Waller factor in the horizontal direction, as estimated by the model 
fitting, the size of the central hole in the model is considered as the most reliable 





































Figure 5.13: Electron density constructed from the side peaks only. The qz peaks are 
excluded to examine the origin of the nonuniformity in the central hole region. 
Normalizat ion of E D P 
The electron density in Figure 5.11 is normalized to represent true electron density 
according to following conditions: 
1. Total number of Br electrons in the unit cell can be obtained; 
2. The Br density in the central region pBr(f = 0) is zero (the average of the 
density along r = 0 is used); 
3. in the midplane of the experimental density without Br atoms p
 eTjdipidw joBr IS 
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the density of the methyl group, 0.17 electrons/A3 [73]. 
The experimental density and the true density are related by two equations: 
P% = ap»r + h (5.7) 
pTp = apHpid + h (5.8) 
Also for the density of the lipid without bromine atoms: 
plmdw/oBr = aplipidw/oBr + ^ (59) 
where pexp r is obtained from F\ = F0 — F2 by using Equation 5.6. Once b\ and 63 
are determined, so is b2: b2 = &i + 63. The pexl w r is used instead of p1^, because 
the former contains no dominating effect of the heavy atoms, thus it is clearer. 
The phosphate peak-to-peak distance, PtP=4.15 nm. And a good approximation 
the thickness of the hydrocarbon region is PtP-1.0 nm [74, 75, 76]. The hydrocarbon 
chain volume per lipid is 1.214 nm3 [73], including four bromine atoms with a volume 
about the same as CH3 each [18]. So the average cross section per lipid is 0.77 
nm2. Using the model above, there are about 54 lipids, hence 216 Br atoms, in each 
primitive unit cell. Therefor, a, 61, and 63 can be solved by inputing 3 conditions in 
to Equations 5.7, 5.9. 
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5.7 Discussions 
For the first time, the alamethicin induced membrane pore is directly imaged 
by reconstructing its electron density from x-ray diffraction. Because the molecular 
assembly of the pore is defined by the atomic distribution rather than by atomic 
positions, and also because soft-matter structures have a high intrinsic disorder, the 
diffraction pattern of the pore lattice is limited to relatively small q values. Only 
the high density part is clearly revealed by the low-resolution diffraction. The clearly 
visible regions include the distribution of phosphate groups of the lipids and the 
distribution of the heavy atoms bromines that are bound to carbon 9 and 10 of each 
hydrocarbon chain. Unfortunately, the peptide alamethicin does not possess high 
electron density, therefore, their positions are not visible. Nevertheless, the lipid 
assembly is unambiguously defined by the distributions of the phosphate group and 
the bromine atoms. The lipid assembly for the alamethicin pore is unmistakably that 
of a barrel-stave construction. 
This lipid assembly accommodates a channel made of n alamethicin helices. From 
the protein crystallographic result [3], an alamethicin monomer is a cylinder 3.2 nm 
long and 1.1 nm in diameter. A channel of eight alamethicin helices gives an outside 
radius of 1.95 nm that fits the lipid assembly [33]. The same size for the alamethicin 
pore was found in fluid lipid bilayers in full hydration under the condition that P/L 
exceeded a critical ratio, P/L*, by neutron in-plane scattering. In fully hydrated 
fluid lipid bilayers, it essentially measures two length parameters: the diameter of 
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the water column through the pore (about 1.8 nm) and the contact distance between 
pores (about 4.0 nm), which are consistent with an eight-monomer channel [69, 33]. 
Note that this is different from single channels formed at extremely low alamethicin 
concentrations [77, 24]. Single channels were found to have varying sizes from n—h to 
10, with a transient lifetime of seconds or less at each level. The biological function 
of alamethicin is antibacterial. It exerts its function at high peptide concentration 
(about 100 mM) [78]. Thus the antibacterial activity of alamethicin is achieved by 
forming a massive number of stable pores, similar to the structure found here, in the 
bacterial membranes. 
As pointed out in the Section 5.4, the real P/L in the rhombohedral lattice is 
unknown but is at least 8:54. This is higher than the P/Ls 1/20 and 1/30 used to 
prepare the samples. Yet the two samples prepared at different ratios give the same 
diffraction pattern. This implies that the pore size is determined by the free energy 
of formation, not by the P/Ls in the bilayers. This is consistent with the finding that 
both in the rhombohedral lattice and in fully hydrated fluid bilayers, where the pores 
were found to have the same size. 
The analysis shows that the Debye-Waller factor for the horizontal positions is 
considerably larger than that for the vertical positions (Br «0.7 nm, B^ «0.3 nm). 
The horizontal disorders include the variability of the horizontal position of the pore 
within the unit cell and the variability of atomic positions within the pore. These 
diminish the diffraction intensities in the in-plane direction, limiting the off-q2 diffrac-
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tion to only two or three orders (the third order was visible but too weak for numer-
ical analysis). If this were the inherent nature of soft matter lattices, this result has 
reached the limitation of resolution already. This does not diminish the significance 
of this approach, for the resolution is still sufficiently high to identify or confirm the 
key features of lipid structures unambiguously, as in the cases of the membrane fusion 
intermediate state [6] and the alamethicin pore here. 
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Chapter 6 
Lipidic Pore Induced by Bax-a5 
Peptide 
In this chapter, the structure of the transmembrane pore induced by Bax-o;5 
peptides is presented. The result shows a lipidic toroidal pore unambiguously. Also 
the mechanism of pore formation is studied by membrane thinning effect as well as 
exposing GUVs to peptide solution. The observed results are similar to other pore-
forming peptides like melittin, and the mechanism can be explained by "Two-state 
Model" [79]. 
6.1 Introduction to Bax Protein and Peptides 
Bax and Bcl-2 Protein Family 
The Bel-2-Associated X protein, or Bax, is a member of the Bcl-2 (B-cell lym-
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phoma 2) protein family. The family of Bcl-2 proteins are key regulators of apoptosis. 
Apoptosis is the process of programmed cell death (PCD), critical for development, 
homeostasis, and cell termination against pathogens [80]. The malfunction of the 
regulation is a cause of cancer. 
The members of the Bcl-2 protein family can be anti-apoptotic (inhibiting apop-
tosis) or pro-apoptotic (promoting apoptosis), but are structurally similar to each 
other. They share one or more of the four homology domains of the Bcl-2 homology 
(BH) domains, namely BH1, BH2, BH3 and BH4 (Figure 6.1) [81]. The BH domains 
are made up of a helices and are important for function, as mutation of these domains 
has negtive effect on the apoptosis [81]. The anti-apoptotic Bcl-2 proteins, such as 
Bcl-2 and Bcl-xL, have all four BH domains. The pro-apoptotic members can be 
divided into 2 categories: some have BH1, BH2 and BH3 domains, such as Bax and 
Bak; some only have BH3 domain, such as Bid and Bad. The latter proteins must 
be modified in order to expose a functional BH3 [81]. Generally speaking, most of 
they consist a few of amphiphilic helices, and they are able to interact with the lipid 
membrane. Depending on theirs functions, Bcl-2 proteins either promote or sequester 
the release of apoptotic factors from mitochondria. 
Bax has the sequence of BH domains BH3-BH1-BH2-TM-C terminal, and it is 
pro-apoptotic [82]. In healthy mammalian cells, the majority of Bax is found in the 
cytosol. When the PCD is initiated, Bax activates formation of membrane pores in the 
outer mitochondrial membrane (OMM) to release of cytochrome c and other apoptotic 
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Anti-apoptotic 
^ _ BH4 _ • B H 3 — B H 1 M - B H ? - T M » B<*-2> B d - x L 
Pro-apoptotic 
_ _ — _ — - > Bax, Bak 
_ — _ — — ^ — Bid, Bad 
Figure 6.1: BcL-2 protein family can be classified as anti-apoptotic and pro-apoptotic 
according to their function. Structurally, they are similar, consisting of one or more BH 
domains, which are all a helices. 
factors. The structure of the water soluble form of Bax is shown in Figure 6.2 [4]. It 
consists of 9 helices numbered from al to a9 (Figure 6.3), of which BH3 includes a2, 
BH1 includes a 5 mainly, BH2 includes cv7 and a8 , TM is a9 . 
Figure 6.2: The ribbon diagram of Bax protein (rendered from PDB ID: 1F16 [4]). It is 
basically a bunch of a helices. 9 a helices are labeled from al to OJ9. The Q5 and a6 are 
the pore-forming domains [5]. 
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Bax-ai5 Pept ide 
This study is focus on the helix ah of Bax protein, hence called Bax-ct5 peptide. 
The amino acid sequence is Ac-DGNF NWGR VVAL FYFA SKLV LKAL STKV 
PELI RT-NH2. It is derived from the pore forming domain (ah and a6) of mouse 
Bax [83]. The secondary structure bound to lipid membrane is mostly a helical 
according to its CD spectrum in lipid-mimic solution [83]. According to the structure 
of the water-soluble form of Bax [4], this peptide actually consists of the whole ah 
(seq. 102 to 126) and a part of a 6 (130-135). 
Figure 6.3: Structure of Bax-a5 peptide used in this thesis. The left one is a ribbon model, 
showing the helical structure of peptide; the right one shows its hydrophobic surface: the 
blue represents hydrophilic part, while the red represents hydrophobic part. It is actually 
the a5 and a small portion of aG of Bax protein (seq. 102-135). It has 34 residues, longer 
than alamethicin (20 residues). 
Recent studies have shown that Bax-a5 peptide reproduces the pore-forming ac-
tivity of the parent full-length protein [35]. It is able to permeabilize unilamellar lipid 
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vesicles, form ion channels [35] and decrease the line tension of the membrane [83], 
indicating the formation of membrane pores. Thus, this peptide could be considered 
for a model of the active, membrane-binding Bcl-2 proteins [20]. 
6.2 Structure of Bax-a5 Peptide-Induced Pore 
6.2.1 Materials and Experiments 
The peptide was synthesized by SynBioSci Corporation (Livermore, CA) to HPLC 
purity > 95%. Dil8:0(9,10Br)PC and Di20:lPC (l,2-Dieicosenoyl-sn-Glycero-3-
Phosphocholine) were purchased from Avanti Polar Lipids. All materials are used 
as delivered. Di20:lPC is a lipid with longer chain (20 carbons) and one unsaturated 
bond on each hydrocarbon chain. It is also used in membrane thinning experiment 
and the asprited GUVs experiment in following sections. All materials are used as 
delivered. 
The OCD and x-ray experiments are similar to those of alamethicin and have been 
detailed in previous chapters. 
6.2.2 Peptide Orientation and Diffraction Result 
The OCD spectra of Bax-a5 peptide in dil8:0(9,10Br)PC (Figure 6.4) and di20:lPC 
(Figure 6.5) in fully hydrated multilayers are measured. As alamethicin and many 
other transmembrane peptides studied before, an increasing fraction of Bax-a5 pep-
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tides reorient to the perpendicular to the plane of the bilayer as the P / L increases. 
However, a pure I-state spectrum, like the one in alamethicin case, has not been ob-
served in both lipids. That is probably due to the fact that this peptide has one small 
helical hairpin attached to the a5 helix, so even in pore-formation state, the total 
helical components are not necessary perpendicular to the surface of the bilayer. And 
it is also possible that the peptides are tilted to stabilize the transmembrane pore. (If 
a helix is tilted by an angle 9 relative to the normal of the bilayer plane, its normal 












J j * 1 
11 
11 1 j . A 
\ I ^d*^^^ 
»\ j4^ 











180 190 200 210 220 230 240 250 260 
Wavelength(nm) 
Figure 6.4: The OCD spectrum of Bax-a5/dil8:0(9,10Br)PC sample 1/30 (solid line) and 
1/100 (dashed line) molar ratios in fully hydrated multiple bilayers. The lipid background 
has been removed, and the 2 spectra are normalized to each other. The spectra < 195 nm 
are suppressed by strong UV absorption and are therefore not reliable. 
The S-state can be obtained by P / L = l / 1 0 0 sample at full hydration for both 
lipids. Also, the R phase of the peptide/dil8:0(9,10Br)PC=l/100 sample is the same 
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Figure 6.5: The OCD spectrum of Bax-a5/di20:lPC sample with various molar ratios in 
fully hydrated multiple bilayers. The inserted peptide ratio increases as P/L increases. The 
spectra are normalized to each other. The spectra below 195 nm are suppressed by strong 
UV absorption and are too noisy to show for this lipid. 
dependence [53], which are quite different from that of the sample 1/30. This implies 
that the peptide does not form pores in the 1/100 sample. Thus, the spectrum of 
the 1/100 sample represents the OCD of the helical components of Bax-Qf5 peptide 
oriented parallel to the plane of bilayers, in S-state. 
Using the OCD of the 1/100 sample and the theoretical OCD for helices normal 
to the plane of bilayers [64], the OCD of the 1/30 sample in dil8:0(9,10Br)PC at full 
hydration (Figure 6.4) gives an estimate that about 30% of the helical components 
of the peptides in the sample are oriented normal to the plane of the bilayers. 
The OCD of the peptide/dil8:0(9,10Br)PC=l/30 sample at 60% RH, 25 °C is 
between the two spectra in Figure 6.4. However, this spectrum is not interpretable 
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because not all of the peptides and lipids in the sample convert to the R phase, like 
it has been shown in alamethicin samples in last chapter. The structure of the R 
phase (as defined by the diffraction lattice and amplitudes) was independent of the 
peptide/lipid ratio in sample preparation. It is as if a free-energy minimum defines a 
unique (but so far undetermined) peptide/lipid composition for R phase. Thus, from 
an arbitrary peptide-lipid mixture, the R phase could be formed at a unique peptide-
lipid ratio, with extra peptide or lipid (or both) coexisting in a nondiffracting phase. 
It is reasonable to assume that this is a general characteristic of the R phase, as shown 
in the case of alamethicin and Bax-a5 peptide. For example, as described above, the 
R phase from the 1/100 sample is the same as a pure lipid R phase, implying that 
the peptides and associated lipid coexist in a nondiffracting phase. 
The peptide/dil8:0(9,10Br)PC=l/30 sample is used for x-ray MAD analysis and 
a diffraction pattern of the R phase is shown in Figure 6.6. The R phase of the sample 
appears as the RH of the sample chamber is lowered to 78% RH at 25 °C (Figure 6.7), 
which is very different from the pure lipid and the alamethicin sample (Figure 5.3). 
6.2.3 Data Reduction and MAD Analysis 
The data reduction and MAD analysis are essentially the same as in alamethicin 
case. Two sets of diffraction data at different RH, 60% and 50%, are analyzed to 
utilize the swelling method for phase determination. 
The linear fitting plots in the MAD analysis are shown in Figure 6.8. The results 
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Figure 6.6: Diffraction Pattern from the R phase of the peptide/dil8:0(9,10Br)PC=l/30 
at 60% RH, 25 °C. The white background is due to attenuator, such that other weak peaks 





























Pure lipid Bax-a5/lipid=l/30 
Figure 6.7: Phase diagram of the pure lipid and the peptide/dil8:0(9,10Br)PC=l/30 
sample. The R phase appears at much higher RH than that of pure lipid and the alame-
thicin/lipid samples. 
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are listed in Table 6.1. Also, the individual phases of F0 and F2 will be determined 
by the swelling method later. 
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Figure 6.8: MAD analysis for the diffraction peaks. For each peak, F\ is plotted as a 
f' function of y-. The results are listed in Table 6.1 
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6.2.4 Phase Determination and Structure Result 
The swelling method described in Section 2.4 [59, 60] has been extended and 
demonstrated in the R phase previously [62, 6]. This method makes use of that 
the lattice constant changes slightly with the degree of hydration. The diffraction 
patterns are collected at 50% RH and 60% RH, where the vertical repeat spacing c 
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Table 6.1: Results of MAD analysis from diffraction patterns obtained at 60%RH 
























































































































is 5.10 and 5.13 nm in the Bax-a5/lipid sample, respectively. The swelling method is 
applied to the series of diffraction peaks at the same qr (the reciprocal vector parallel 
to the hexagonal plane) (Figure 6.9). 
The method determines the relative phases among the peaks of a series. That left 
the relative phases between different qr series undetermined. There are 4 different qr 
series (one of them have only 1 peak), so there are 8 possible different choices. Of 
all 8 possible choices, only one that makes the physical sense, according the criteria 
stated in Section2.4. 
This method works for the following reasons: (i) Because each peak amplitude 
is either positive or negative due to centrosymmetry, there is only 1 correct phase 
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Figure 6.9: Three-dimensional swelling method for phase determination applied in the 
R phase. Shown is the swelling method applied to different qT series using the diffraction 
amplitudes obtained at 50% RH (open circles) and 60% RH (filled circles). (A) qr=0 nm 
series. (B) qr=l.ll nm series. (C) gr=1.92nm series. The vertical scales are relative. The 
solid curves are F(qffiK^Qz) of Equation 12 in [6], constructed from one set of data measured 
at one relative humidity 
were complex quantities; there would be infinite possible phase combinations.) (ii) 
Lipid assemblies follow the principle of continuous layers [84], that is, there should 
be no free edges for lipid monolayers unless the edge is anchored by amphipathic 
molecules such as the case of alamethicin pore (Figure 5.11). Being able to isolate the 
diffraction amplitudes for the Br atoms alone makes this method workable, because, 
despite the relative low resolution, the Br distribution (Figure 6.10 A and B) is much 
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Figure 6.10: Normalized electron density distributions in a primitive unit cell of bromine 
atoms (A and B) and the whole lipid system (C and D). Top view (A) is the plane through 
the maximum of the Br layer (z« 1.9nm). Top view (C) is the plane through the maximum 
of the phosphate layer ((z« 0.5ram). The side views (B and D) are a cut through the long 
diagonal of the hexagon. 
The electron density distribution of Br atoms in a primitive unit cell (Figure 6.10 
A and B) is constructed from F2 (Table 6.1) and normalized by the same method 
described in last chapter. Because lipids form continuous layers, the Br distribution 
of the lipids is enough to reveal the lipidic pore structure. The reconstructed structure 
is indeed consistent with the toroidal model (Figure 1.7A): the top Br layer bends 
continuously into the bottom Br layer through the pore, proving that lipid molecules, 
at least partially, line the edge of the pore. This result validates the toroidal model, 
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viz., the lining of the pore is an extension of the water-lipid chain interface. And as 
indicated in the OCD, a number of peptides are absorbed to the lining of the toroidal 
pore, lowering the free energy of the monolayer curvature and decrease the tension of 
the membrane [85]. 
As shown in Figure 6.10 D, the electron density distribution of the whole system 
is much less clear because of the limited resolution for a complex composition; most 
notably the peptides are not identifiable like in the alamethicin case. One character-
istic of low-resolution electron density distributions is that if there are 2 local density 
maxima separated by a distance shorter than the resolution limit, the 2 maxima 
often merge into one in between. This appears to be what happens in the center 
of Figure 6.10 D, where there are supposed to be 4 local maxima, a pair from the 
Br distributions and a pair from the phosphate group distributions. Note that the 
resolution in the hexagonal plane is worse than the vertical resolution (the highest 
qz > the highest qr in diffraction patterns). This is why the phosphate headgroup 
layers and Br layers are well-separated vertically near the edge of the unit cell but are 
mixed up near the center mainly because of the poor horizontal resolution. Even so, 
this messy central region is also consistent with the toroidal pore. Compared to the 
much cleaner central region of the whole system distribution of the alamethicin pore, 
the Bax-a5 pore have a lipidic structure in the center instead of just water lumen 
(Figure 6.11). 
Form the EDP (Figure 6.12), the central water channel of the toroidal pore is 
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Figure 6.11: Normalized electron density distribution of the whole system (including lipid, 
water and peptide) in a unit cell of the R phase containing alamethicin (A) and Bax-a5 
peptide (B). 
about 1.3 nm in diameter, judging from the Br-Br distance (about 3.8 nm), and the 
Br-phosphate distance (about 1.25 nm, from Figure 6.11). Previous experiments on 
Bax-a5 peptide-induced leakage of 20- and 70-kDa dextrans from large unilamellar 
vesicles, the pore size is estimated to have an upper limit of 11.6 nm in diameter [83]. 
Previous neutron in-plane scattering from many different peptide-induced pores in 
fully hydrated lipid bilayers also show that the inner diameters of toroidal pores are in 
the range of 3.0-5.0 nm, depending on the peptides and lipids [69, 33, 36]. Considering 
the dehydrated condition in the R phase, it is not surprise that the toroidal pore in 
the R phase is considerably smaller than its normal size in fully hydrated bilayers. In 
contrast, the alamethicin pores in the R phase retain the same size (inner diameter 1.8 
nm) as in fully hydrated lipid bilayers [53]: the barrel-stave pore does not shrink by 
dehydration(28). This is consistent with toroidal pores being lipidic in nature, which 
is expected to be sensitive to hydration, whereas the alamethicin pore is framed by a 
peptide assembly that is less sensitive to hydration. 
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Figure 6.12: Three-dimensional view of a unit cell. One half of the unit cell is removed 
to show the interior. The surface of electron density distribution is chosen to show the 
continuously bend lipid monolayers. Yellow represents high density 
6.3 Membrane Thinning Effect by Bax-a5 
6.3.1 Materials and Experiments 
Dil8:0(9,10Br)PC and di20:lPC are used to make multilayer sample with pep-
tide. 
The multilayer samples are the same as those used in last section. The mea-
surement is done at 98% RH, 25°C, which is slightly lower than the full hydration 
to prevent deterioration of diffraction patterns due to undulation fluctuations of the 
membrane. At least two samples for each peptile/lipid ratio are measured. 
The experiment is performed in a laboratory x-ray diffractometer at Rice Univer-
sity. The u — 26 scan records the lamellar diffraction peaks along qz (Figure 6.13). 
The diffraction patterns verify that the samples are homogeneous bilayers. The EDPs 
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along the normal direction of the bilayer are reconstructed as shown in Figure 6.14. 
The phosphate headgroup-to-headgroup distances (PtP) can be obtained from the 
profiles as a measure of the bilayer thickness. 
H J^—. ,—. , .—,—. , 
0 2 4 6 8 10 
q(nm'1) 
Figure 6.13: An example of the raw data of the lamellar diffraction. Three scans are 
performed (in red, green, black) at the same condition (RH and temperature), and averaged 
for background removing and data reduction. 
6.3.2 Results and Discussions 
For peptide/dil8:0(9,10Br)PC samples, P/L=0, 1/200, 1/150, 1/100, 1/50, 1/30, 
1/20, are measured. The reconstructed electron density of one bilayer has four peaks 
(Figure 6.14), two of which are corresponding to the Br atoms in chain regions. There 
is no such peak in di20:lPC, so the chain region is low density. For peptide/di20:lPC 
samples, P/L=0, 1/200, 1/150, 1/100, 1/50, 1/30, 1/25, 1/20, 1/15, are measured. 
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Figure 6.14: Examples of the lamellar electron density profile, (A) dil8:0(9,10Br)PC, 
(B) di20:lPC. They are the structure profile a long z direction (normal to the bilayers). 
The position of the phosphate peaks are indicated, the PtP is a measure of the membrane 
thickness. In (A), there are two high peaks in the center due to the Br atoms on the chains, 
otherwise, the chain region is low density like (B). 
From the plot, the membrane thickness is decreasing linearly as the P / L ratio 
increases, and then becomes constant after a certain P / L ratio. Together with the 
OCD spectra for different P / L ratios, they demonstrate that the mode of action 
of Bax-a5 peptide exhibits sigmoidal concentration dependence like many other a-
helical pore-forming peptides: below a threshold concentration, peptides only bind 
to the membrane surface, thinning the membrane; when the concentration exceeds a 
critical value P/L*, the pore formation is activated rapidly. 
This sigmoidal style of membrane thinning effect has been observed in many pore-
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Figure 6.15: Membrane thinning effect by Bax-a5 peptide. The left panel: pep-
tide/dil8:0(9,10Br)PC samples, P/L=0, 1/200, 1/150, 1/100, 1/50, 1/30, 1/20 are mea-
sured. The right panel: peptide/di20:lPC samples, P/L=0, 1/200, 1/150, 1/100, 1/50, 
1/30, 1/25, 1/20, 1/15 are measured. The overlapped lines illustrate the membrane thick-
ness is decreasing as the P/L ratio increases, and then will not change after a certain P/L 
ratio is reached. 
6.4 Response of GUVs to Bax-a5 
GUVs made of di20:lPC are exposed to various concentrations of Bax-a5 peptide 
solutions by the micropipet aspiration experiment described in Chapter 4. 
At low peptide concentrations (smaller than 0.1 /xM), the protrusion length Lp just 
increases to a finite value, indicating that the absorption of peptide onto lipid bilayer 
increases lipid bilayer surface area [61]. At higher concentration (above 0.5 fiM, but 
not exceeds 1 /iM), the protrusion length first increases to a plateau value. Then it 
decreases until the vesicles are detached from the micropipet or lyse (Figure 6.17). 
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Figure 6.16: Fractional area increase of GUV with time. AA/A is calculated from Equa-
tion 4.2. Only two cases are shown here. The data points end when the vesicle is broken 
due to increasing volume or being detached from the pipet. 
Discussion 
This kinetic experiment can be interpreted by the membrane thinning effect from 
last section. When the peptide concentration is low, there are limited number of 
peptides binding to the surface (like the S-state detected by OCD), thinning the 
membrane. Isovolumetrically, the surface area increases, making the protrusion in-
crease in GUV. Note that Bax-o-5 peptides are able to form transient pores even at 
low concentration [35]. Those transient pores distribute peptides on both sides of 
bilayers, so it's expected that peptides bind to inner and outer leaflets of bilayers. 
And the thinning effect are due to peptides on both sides. 
If the peptide concentration is high, the binding of peptides make the surface area 
as well as the protrusion length increase at first as shown in the increasing part of 
Figure 6.16. Then stable pores are formed by insertion of peptides and the bilayer can 
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Figure 6.17: Time lapse microscopy images of GUV exposed to peptides solution (above 
0.5 /iM). The protrusion length first increases to a value, and then decreases. For some 
experiments, green dye calcein is added inside GUVs to try observing leakage of the dye. 
Unfortunately, none was observed before GUV detaching from the pipet or burst. That 
might be due to the very weak signal from the leakage or relative low time resolution of the 
camera (up to 10 fps in the condition). 
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not be thinner anymore over P/L*; the protrusion length stops growing. Because the 
size of glucose outside vesicles is smaller than sucrose inside, it is easier for glucose to 
diffuse inside with water molecules. The volume of GUV increases and the protrusion 
length Lp decreases until the GUV comes out of the pipet or burst. That is consistent 
with the sigmoidal concentration dependence of "Two-State Model" [79], viz., peptide 
has two distinct physical states of binding to lipid bilayers. At low P/L ratios, the 
peptide is adsorbed in the lipid headgroup region in a functionally inactive state; at a 
P/L above a threshold value P/L*, the peptide forms a stable pore state. The value 




7.1 Membrane Pore Structures 
For the first time, the structures of peptide-induced membrane pore were imaged 
directly. Those results validate the two models of peptide-induced membrane pores 
(Figure 7.1). The alamethicin-induced pore was found to be of the barrel-stave model, 
in which helical peptides form a proteineous ion channel side by side like a barrel. In 
contrary, the Bax-o;5 peptide-induced pore is the toroidal model (wormhole), which 
is lipidic: both peptides and lipid headgroups line the pores. This model has been 
proposed for membrane pores induced by many a helical pore-forming peptides and 
proteins, such as magainin [36], melittin [29], colicin [87]. 
From Figure 1.6, the secondary structures of alamethicin and Bax-a5 peptide are 
very similar to each other, and they are both amphipathic. But the pore structures 
induced by them are distinct (Figure 7.1). Indeed, alamethicin is distinct from almost 
104 
A Barrel-stave Model Q Toroidal Model 
Figure 7.1: Two models of peptide-induced pores in membranes and the experimental 
proof for each. (A and B) Schematics of the barrel-stave model (A) and the toroidal model 
(B) are shown in a 3D view cut through the pores, showing only the layers representing 
the lipid headgroups (silver) and the Br atoms (red). Blue-gray cylinders represent peptide 
segments; the actual distribution and orientation of peptides are expected to vary with 
peptide and lipid. Schematic lipid molecules (dil8:0 (9,10Br)PC) are shown in A, where 
the red dots represent the Br atoms on the chains. (C and D) The normalized electron 
density distributions of Br atoms in a unit cell of the R phase containing alamethicin and 
Bax-a5, respectively. Br atoms are distributed in the high-density (yellow-red-black) region. 
The nonuniformity in the low-density region (light blue to dark blue, which average to about 
0, is due to the limited resolution discussed in last chapter. 
all other pore-forming peptides [34]: 8 of its 20 amino acids are the unusual residues 
a-aminoisobutyric acids; it is weakly charged and has very low water solubility (that 
is why no GUV experiment is done with alamethicin in this thesis); they can stand 
side by side [3]; and it produces well-defined, discrete single-channel conductance [24]. 
Many other a-PFPs, like Bax-o;5 peptide, melittin, are highly charged, water-soluble. 
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And the pores induced by them do not exhibit well-defined conductance levels [34], 
and the pore sizes are substantially larger than alamethicin's [69, 33, 36], such that the 
pores could not be completely lined by peptides alone. Therefore, the characteristics 
of alamethicin make it fit for the barrel-stave style pore. For other a-pore-forming 
peptides, they are just easier to adapt toroidal pores. 
Toroidal pore is lipidic: it is formed by merging of two lipid leaflets through the 
pore. That implies it is subject to the influence of lipid curvature. As a matter 
of fact, the pore-forming activities of many antimicrobial peptides [88, 89], Bax-o;5 
peptide [83], colicin [11], and full-length Bax protein [13, 30] all exhibit dependence on 
intrinsic monolayer curvature and enhance transbilayer lipid flip-flop, consistent with 
forming toroidal pores. From the experiments in this thesis, many lipidic features 
can be seen too: the diffraction lattice size changes with hydration so the swelling 
phasing method can be applied; the whole lipid system is more fuzzy (Figure 6.1 IB); 
the pore size is able to shrink to a very small size due to dehydration. Compared with 
alamethicin-induced membrane pore, the alamethicin pore exhibits more proteineous 
properties: it is more rigid in lattice, so swelling method is impossible; the central 
region is very clear with a water lumen; the pore size does not shrink with dehydration, 
thus comparable to other measurement in full hydration. 
As mentioned above, the pore size measured from dehydrated sample is shrinked. 
The pore size is essential for pore-forming activity, for example, the pore formed 
by Bax must be large enough to release cytochrome c. Thus the future work is 
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to use neutron in-plane scattering to measure the Bax-a5 peptide and Bax-induced 
membrane pore at full hydration to compare with other experiments. 
7.2 Mechanism of Pore Formation 
a-pore-forming peptides are amphipathic like Bax-o;5 peptide and alamethicin; 
they spontaneously bind to the water-lipid chain interface of the lipid bilayer. The 
resulting interfacial area increase stretches the hydrocarbon core of the bilayer. Thus, 
binding of amphipathic peptides causes an elastic strain in the lipid bilayer. The strain 
increases with the peptide concentration, and when it exceeds a threshold, pores 
are formed as shown in the membrane thinning experiment for Bax-a5 peptide and 
alamethicin [65]. Indeed, it has been demonstrated in the GUVs experiment that the 
binding of pore-forming peptides (Bax-a5 peptide in this thesis and melittin [86]) has 
the same effect as applying a mechanical tension; both result in pore formation when 
the membrane areas are stretched beyond a critical value of fractional area increase. 
The only difference is that mechanical tension enlarged the pore and ruptured the 
membrane, whereas the pores induced by peptides are of finite size and stable [86]. 
This explains why antimicrobial peptides are active only if their concentrations exceed 
a threshold value known as the minimum inhibitory concentration or MIC [10]. As it 
has been shown in this thesis, pores can be either the barrel-stave type that requires 
the peptides to be compatible for a barrel-like aggregation, e.g., they must be weakly 
charged or neutral so as not to repel each other; or more generally the toroidal 
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type that seems to place no condition on the peptides other than that it must be 
amphipathic. Either of these pores forms because the pore formation partially relieves 
the interfacial strain. The barrel-stave pores remove some peptides from the interface. 
The toroidal pores allow some extension of the interfacial area without stretching the 
hydrocarbon core. This negative feedback to the interfacial strain is the reason the 
pores are stabilized [39]. 
The great majority of pore-forming peptides discovered so far [10], including Bax-
ab peptide, are highly ionic (typically in 25% of their amino acids), and water soluble 
with the exception of alamethicin. As a group, their pore-forming activities are similar 
[10] and distinct from that of alamethicin-like peptides [79, 34]. Thus, the majority 
of the pores induced by peptides are lipidic toroidal style pores by the mechanism of 
"Two-state Model" [79]. 
Possible Mechanism of a -PFPs 
The concentration dependent pore-forming activities of peptides provides an im-
portant insight into the mechanism of a-PFPs. The structurally, Bax protein (shown 
in Figure 6.2) [4] is very similar to the pore-forming domain of colicin (shown in 
Figure 1.5) [90, 91] or diphtheria toxin [19]. Each consists of 7 or more amphipathic 
ct-helical segments. It is speculated that when an a-PFP binds to the membrane, 
most of these peptide segments are bound to the interface [92, 11]. These bound 
peptide segments are confined to a small area because they are linked. Thus, in a 
localized area of membrane, even a small number of a-PFPs can create the effect of 
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Figure 7.2: The illustration of possible mechanism of a-PFP induced membrane pore. 
The gray layer is the lipid headgroup layer, and the green rods represent a helices. (Only 
one is shown here.) A few such proteins with a bunch of a helices can make the local region 
have high concentration of peptides. While a few transmembrane helices stabilize the pore, 
the rest of helices in the proteins are on the surface of bilayer, thinning the membrane. 
a high concentration of peptides, which is the condition for pore formation. For the 
reason given above, one could expect a -PFPs to form lipidic pores. This explains the 
similarity of pore-forming activity between peptides and a -PFPs [35, 11]. 
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